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Comprehensive 5-Year Progress Report (July 1, 1971 — June 30, 1976)

Contract No. F44620—71—C—0069

Purchase Request No. 74—007

PROTECTION OF THE CARDIOPULMONARY SYSTEMS AGAINST THE

INJURIOUS EFFECTS OF ACCELERATION

Evaluation of effects of time history of gravitational—

inertial force environment on regional dynamic distribution

of pulmonary ventil ation, strains, edema and blood volume.

Introduction

It is of fundamental importance in studies of cardiovascular and

pulmonary physiology to measure and analyze the dynamic changes in

regional geometry and perfusion in these organ systems. However ,

f the function and performance of the heart, lungs, and circulation

are inseparably linked to their motion in three dimensions. Further-

~
( ¶ 

. more , since the function and interaction of the heart, lungs and
circulation are readily affected by physical interventions into

their working environment, and since these interventions may result
in functional compensations which obscure the normal functional

L status or pathological condition of the organ or organ system

being studied, it is desirable to devise measurement techniques

whose nature involves the minimum possible degree of physiological

disturbance.

The transmission of x-rays through the chest produces images

(shadowgraphs) with high temporal and spatial resolution without

subjective sensations , and is non-invasive in that the x—rays do

not directly affect the function of the cardiovascular and pulmonary

J •I ~ -. ~. .
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systems at the dose levels required to produce useful  images.

Since x—rays readily penetrate and are absorbed to some degree

by all bodily tissues, they can be used to produce rad iographic
images of every body organ ranging in density from bone to lung.

Television techniques provide the capability of recording x—ray

images at high temporal resolution in electronic form , which

greatly facilitates their transmission, display and more

importantly , for quantitative dynamic studies, their very rapid
and direct conversion into digital form. High-speed , high—

fidelity digital conversion of the images allows the tremendous

capability of digital computers for handling the high data rates,

data volumes and numbers of calculations required for dynamic

analyses of image densities and dimensions to be brought to bear

on important biological problems.

Thu s, the basic determinants required for accurate estimation of
the functional status of the intact heart, lungs, and circulation ,

namely , their true dynamic changes in regional shape and dimensions,

the temporal and regional distribution of blood flow to, within ,

and from these organs, and their internal and transmural pressures ,

can be obtained by application of dynamic x-ray video imaging

techniques coupled with synchronous recordings of multiple

associated physiologic variables.

It is this information that is a basic requirement for understanding

the factors which determine man ’s physiologic response and tolerance
- .~ to short and long term changes in the force environment such as

encountered in conventional aircraft and in manned space flight .

Recognizing this , a major effort of our laboratory over the last
fifteen years has been directed toward the development , imple—

mentation and application of dynamic quantitative imag ing techniques

to study the heart, lungs, and circulation. In particular , two

I
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H unique and complimentary computer—based roentgen-video techniques

have been developed (Figure 1) and provide the heretofore lacking

technol~~~ic capabilities to study the spatial distribution of
lung parenchymal stresses and strains , reg ional lung volumes ,
regional myocardial perfusion and the true dynamic changes in

shape and dimensions of the intact heart , lungs and thorax under
normal physiologic cond itions , namely,  an intac t thorax and normal
intrathoracic pressures.

SPATIAL  AND TEMPORAL R E L A T I O N S H I P S  OF
DYNAMIC  REGIONAL LUNG MECHANICS

PA R E N C H Y M A L  C R O S S - S E C T / O N
MARKER S RECONSTRUC T ION

Figure 1 The parenchymal marker technique measures  the
dynamic spat ia l  d i s t r i but i on  of lung parenchymal
strains  and regional lung volumes w h i l e  the three—
dimens iona l  recons t ruc t ion  t echn ique  measu re s  the
dynamic changes in reg ional shape and dimensions
of the heart , lungs , chest wall and diaphragm.

(
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This f ina l  progress report for Contract No. F — 4 4 6 2 0— 7 1— C — 0 0 6 9 ,

covering the period July 1, 1971 to June 30, 1976, consists of

three parts and an appendix. Parts I and II contain a compre-

hensive review and current status of the pulmonary parenchymal

marker (Part I) and three—dimensional reconstruction (Part II)

techniques and the results derived therefrom . Details of other

studies pursued during this period have been documented in published

papers and/or previous annual progress reports. Part III consists

of a list of publications from our laboratory which were based on

work supported by funds from this contract. The Appendix contains

a manuscript by Ralph Sturm and co-workers in our laboratory which
describes in detail a new state—of-the-art video imaging system

(i. e. ,  SSDSR) which was designed by them and was used for the

three-dimensional reconstruction studies described in Part II.

PART I : Spatial (i . e .,  Three-Dimensional) Dis t r ibut ion of Regional

Lung Strains and Volumes in the Intact Canine Lung From

Measurements of the Dynamic Displacements of Roentgen—

opaque Parenchymal Markers in Anesthetized and Awake Dogs

Under dynamic conditions , the mechanical properties of the lungs

and thorax , including the diaphragm , play an important role in

determining the total volume , and the intrapulmonary distribution

of the inspired gas reaching the alveolar gas exchange surfaces.

It is known that the intrapulmonary distribution of inspired gas

is altered by such factors  as 1) body position ; 2) lung volume ;

3) chest wall geometry and compliance; and 4) increased gravita-

M tional—inertial force environments.
t.

Because of the very fragile anatomic structure of the lungs and

the large intrathoracic pressure differentials generated by

changes in the force envi ronment  due to the extreme d i f f e r e n c e s

in specific g rav i ty  of the gaseous contents of the alveoli and

the parenchym a and blood su r round ing  these alveoli , the lungs are

_ _ _  _  _ _ _
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the most susceptible organ system in the body to malfunction and

structural injury due to acceleration . Furthermore, it is quite

possible that the regional distribution of mechanical stress within

the lung is a predisposing factor in the localization of pulmonary

pathology. Therefore, a quantitative description of the dynamic

spatial distribution of lung parenchymal stresses and strains and

the associated changes in dynamic shape and dimensions (i.e., the

dynamic geometry) of the intact lungs and thorax is required before

further progress can be made in describing the three-dimensional

mechanical behavior of the intact lung . However , elucidation of

the intrinsic elastic behavior of the lung and its relationship

to the chest wall and diaphragm require studies of the intact lung

with techniques possessing sufficient temporal and spatial resolu-

tion to permit quant i t a t ive  measurements of the dynamic changes in

the three—dimensional parenchymal stresses and strains , regional
lung volumes, and thoracic shape and dimensions along with simul-
taneous measurements of transpulmonary and intravascular pressures.

To date, most of the knowledge of the mechanical properties of

the lung in the intact thorax has been derived from pressure—volume
curves (i.e., “compliance” measurements) (1,2) and the regional

distribution of an inspired radioactive gas (e.g., xenon—l33) (1,3 ,4).

However, these methods do not possess sufficient temporal and
spatial resolution to allow study of regional lung displacements ,

strains and volumes. Hence , dynamic studies of the intact lung

have, heretof ore, not been possible.

We have developed in our laboratory a method (5,6) for determining

the spatial and temporal distributions of lung parenchymal strains

and volumes within the intact thorax by recording the dynamic

displacements of radiopaque metallic markers by means of a biplane

videoroentgenographic recording system which permits high temporal

(60—per—second) and spatial (+1.0 mm) resolution measurements of

~
j
;‘
~ [
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the “tagged ” lungs during various respiratory maneuvers, altera

tions in posture , and changes in gravitational-inertial force

environments . This “parenchymal marker ” technique has been used

to study regional parenchymal strains in anesthetized , as well

as awake, spontaneously breathing dogs and results from these

studies to date are summarized below.

The technique involves tagging the lung parenchyma with radio-

paque markers (5). The metallic markers, which are 1-mm in

diameter, are implanted percutaneously under fluoroscopic control

throughout the parenchyma of the right lung of anesthetized dogs.

A three-dimensional grid-like array of up to 30 markers is obtained

without causing physiologically significant pneumo- or hemothorax .

Postmortem pathologic studies have revealed no pleural adhesions

following implantation of the markers and pulmonary parenchymal

pathologic changes are limited to a region 100—200 micra surrounding

each marker (5). A minimal recovery period of 2-3 weeks is pro-

vided before the dogs are used in an experiment.

The dynamic displacements of the parenchymal markers are measured

by means of a biplane videoroentgenographic system and recording

equipment shown in Figure 2. The two x-ray sources can be arranged

in either an orthogonal or in a stereo arrangement as shown. The

x—ray sources are pulsed on nearly simultaneously and transradiate

the thorax . The respective fluoroscopic images , recorded on two

9—inch image intensifiers , are scanned by television (Plumbicon)

cameras and the biplane vicleoroentgenograms are combined into a

single biplane video format (Figure 3) by special electronic

switching and delay circuitry (7).

4
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DYNAMIC REGIONAL LUNG MECHANICS

S t ereo Video Roentg enographic Ana lysis

/ 6 Channels -
~I~~~~ide 1__4 cj_ 4 —

~ Video
ECG . Pressures 7toduIator 

~~e
0
~ [ • •  DemodulaTó11 Computer

Recorder I I
0 [Scan

Converter

(ThX-ray ‘-
~~~~~~ aSources Video

~~~~~~~~Disc 
_ _ _ _ _ _ _ _ _

~~~~ / Recorder

~~~~~~~~~~~~~~~~~~~~~~~ Switcher 

L~~~~~~~~~~~~~~~~~~~~
D

~~

Video Display of Stereo Pair

Figure 2 Schematic drawing of biplane videoroentgenographic
system used to study dynamic regional lung mechanics.

The sequence of 60/s bipla ne images are recorded on videotape in
absolute temporal synchrony with up to 16 channe ls  of analog
in fo rma t ion , such as int ra thoracic  pressure , ECG and ventilation
at sampling rates as high as 1000 samples/s per analog channel by

means of a video amplitude modulator-demodulator system (8).

Since the image intensifier causes pincushion distortion in the

f recorded video images , which affects the accuracy of the geometric

measurements of the d is t ribut ion  of the meta l l i c  markers  w i th in
the image , a method has been developed to express the magnitude

and direction of this distortion over the entire image field

covered by the face of the 9—inch image—intensifier screen. A

fourth order polynomial with 15 terms relating selected locations

in the image to their true , x—y coordinates is used to correct

for the pincushion distortion in the recorded x-ray video images.
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This predetermined polynomial can correct the geometric distor-

tions (ranging from zero at the center of the field to about

1.5 cm at the periphery of the image) to less than 1 mm error
for the entire video field. Image magnification due to diver-

gence of the x-ray beam as it traverses from the finite-size

source to the image—intensifier screen is also corrected (5).

To facilitate analysis, the biplane images and multichannel analog

recordings are transferred from videotape to stop-action video disc

(Ampex DR—b A) , and the tracking of the geometric positions of the

metallic markers is performed with the aid of an operator—interactive

computer program . A computer—generated cursor is displayed on a

video scan converter (Tektronix 4501) which “mixes ” the cursor with

the stop-action display of the biplane thoracic image. The inves—

tigator moves this cursor until it coincides with one of the

metallic markers in the video image and then depresses a key on

the keyboard which indicates to the computer (CDC 3500) that the

two—dimensional geometric coordinates of the cursor and thus the

metallic marker are to be read and stored in an array. This

procedure is repeated until the geometric coordinates of all

identifiable markers on both projections of the lungs for a single

video frame (1/30th s) are input into the computer , at which time

the computer also digitizes and stores the up to 16 channels of

analog data that had been recorded simultaneously with the video
i 4 information . The coordinates of each marker are corrected for pin—

cushion and magnification distortions and then the ~~ue three—j dimensional spatial coordinates of each marker within the thorax

are determined . An example of a video frame used for such a pro-

~k, ~ cedure is shown in Figure 3.

2
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Figure  3 Photograph of s ingle  s top-ac t ion  f r a m e  of s tereo

b ip l ane  videoroentgenogram i l l u s t r a t i n g  the st er eo
b i p l a n e  view of the can ine  r igh t  lung  y i t h  m e t a l l i c
parenchymal  m a r k e r s  in both i m a g e s .  Computer-
genera ted  cursor dots used to i n p u t  geomet r ic  posi-
t ions  of markers  shown in ri g h t - h a n d  image.

The s i m u l t a n e o u s l y  recorded analog i n f o r m a t i o n  is c o n t a i n e d  in the
“ r ibbon ” a t  the normal ly  unused  l e f t  m a r g i n  of the video image
whi le  i d e n t i f i c a t i o n  i n f o r m a t i o n  ( e . g . ,  t ime and code)  , added d u r i i ~g
the experiment , is displayed at the bottom of the image. In th i s
p a r t i c u l a r  photograph  the geometric pos i t ions  of the  m e ta l l ic  m a r ker s
a t  end e xp i r a t i o n  are ind icated  by the b r i g h t  c o m p u t e r — g e n e r a t e d
(cursor) dots in the right panel of t h i s  b ip l ane  t h or a c i c
image. Following determination of these points , the video disc

was stel  ped fo rward  to end i n s p i r a t i o n  to show th e  d i s p l a c e m e n t  ot
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the markers from these points. By comparing the positions of the

markers at end expiration as indicated by the white (cursor) dots
and at end inspiration as indicated by the markers themselves , a

qualitative measure of the direction and magnitude of parenchymal

displacement occurring during one respiratory cycle is obtained .

The quantitative accuracy of this technique is indicated in

Figure 4, which compares the actual measured distances between

markers embedded in a Lucite plate which was rotated in the biplane

x—ray system and the computer—determined distances obtained from

the videoroentgenographic images. This graph indicates that the

computer analysis , which removes pincushion and magnification
distortion and calibrates the corrected coordinates to real d irnen—

sions is accurate to within +1.0 mm. In addition , calc u lations of
strains between the embedded markers (i.e., strain = 0) during

rotation resulted in a mean (N = 294) strain of 0.004% ± 0.002 (SE~1)

for markers separated by 1, but not more than 5 cm after correctioi:

for magnification and pincushion distortions. In our studies , oni
marker pairs separated by 1 cm , but not more than 5 cm , are used

in calculating dynamic regional parenchymal strains.

60 —

II
1• 1

20 -

U y x O . 9 8 X + 1.04
LU
I—

— 0 ‘ ~ I

0 2 0 40

A CTU~4L IN T E R M 4 R K E R
D I S T A N C E S , mm

• Figure 4 Comparison of actual and computer—calculated distances
between pairs of radiopaque markers fixed at known

— 

dist:rices within a Lucite plate
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Results from the computer program which calculates the geometric

coordinates of the individual markers in three—dimensional space

are shown in Figure 5.

(Dog ,  / 4  kg.  Morphine - Pentobarbita l  Anesthes ia ,
• Water-  Immers ion Resp irator .

Head-Up . /2  b rea ths /minu te )

LUNG OUTL INE
— a t  FRC

cm - 
- - — of End Inspiration 

-

_ 
-x 

~9
Right Left  Dorsal Ventral

4NT ER OP OSTE RIO R LA TER4L

Figure 5 Comparison of regional displacements of metallic
parenchyrnal markers in the right lung during a
resp iratory cycle s t a r t i ng  from functional res idual
capacity (FRC). Positions of the individua l markers
at end expiration (FRC) and end inspiration are
indicated by the tail and the point of each arrow ,
respectively. Orientation and length of each arrow
denotes direction and magnitude , respectively, of
regional parenchymal displacement.

The spatial locus of each marker can be found by looking at the

anteroposterior (left panel) and lateral (right panel) projections

of the lung. The tail of each individual arrow represents the

position of that particular marker at end expiration while the

point- of each arrow represents the position of the marker at

end insL~iration. Thus, the arrows indicate the direction and

I ~

g i
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magni tude of regional parenchymal displacements during a respiratory
cycle. Analysis of the dynamic displacements of these me tallic

parenchymal markers can be used to determine the distribution of

regional  s t ra ins  w i t h i n  the lung of the in tact  thorax dur ing  var ious
respiratory maneuvers and under different gravitational— inertial

force environments .

Figure 6 indicates the anatomic positions of three “marker—pairs ”

at functional residual capacity . These pairs of markers were
selected for analysis of strain in three regions of the lung ,
i.e., apex , midlung, and base. The dynamic changes in distance

in three—dimensional space between each pair of markers represents

the strain (i~L/L0, where 
tI~L is the measured change in d is tance

between two markers at any point in time and L is the measured

distance between these same two markers at end expiration) in that
reg ion of the lung for that particular orientation of the marker pair.

• (Dog. / 4  kg.  Morphine - Pentobarbi ta l  Anesthesia ,
Water- Immersion Respirator ,

Head - Up . / 2  breaths /minute )

4 P E X ~~~~~~~~~~~~~~~~~~~~ 

cm

~~~ 

: ~~~~~~~~~~~~~~~ 

MID

Right Left  Dorsal Ventral
A NT E ROPOST E RIOR L A T E RAL

Figure 6 Location and orientation of 3 pairs of markers at
FRC selected to measure strain in three regions
of the lung , i.e., apex , midlung, and base.
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Distributions of regional lung parenchymal strains during three

• respiratory cycles starting at approximately FRC (closed symbols)
• and during three respiratory cycles starting at FRC + 200 ml (open

symbols) are shown in Figure 7.

• (Dog, 14 kg, Morphin e-Pentobarbi ta l  Anesthesia , Water—Immers ion
Respirator , Head— Up, 12 breaths / minut e )

V S

APEX MID-LUN G BASE
• — 04 
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4 ”  4 k  4
QZ I.j ~~ • ‘
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• ~~~~~~~ • •

~~ ~ .
~~ • .‘ •~

3 ’ 3 3 ,; ’
r

•.

O 
• 

2 
• 

4 0 2 4 0 2 4

SE CONDS

Figure 7 Distributions of regional lung parenchyrnal  s t r a i n s
and displacements during three respiratory cycles
starting at FRC (closed symbols) and three respira-
tory cycles starting at FRC + 200 ml (open symbols).
Upper three- panels indicate strain distributions
for the three pairs of markers shown in Figure 6

~~~ ~• in the apex , midlung , and base , respectively.
Lower three panels represent absolute distance
between marker pairs at the three specified lung
levels.

a

The top three panels indicate strain distributions for the three

pairs of beads in the apex , midlung , and base, respectively. It

can be seen that parenchymal strain was larger at the lower lung
volume than at the higher lung volume . The lower three panels

represent the absolute distance between the various markers during
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the respiratory cycle. While the absolute distance between marker

pairs was increased at the higher lung volume, the absolute excur—

sion or change In intermarker distance during respiration was less
• at the higher lung volume than at the lower lung volume. The

reproducibility of the measurements of regional distributions of

strain from cycle to cycle can also be seen in this figure.

The anisotropy of parenchymal strains in three separate lung regions

is shown in Figure 8. The upper two panels represent the antero-

posterior and the lateral projections of three sets of three markers

each. The three sets of markers represent regions in the apex ,

the midlung , and the base and were chosen to include , for each

region, pairs of markers oriented in virtually orthogonal direc—

tions. The lower three panels represent the computed strain for

the pairs of markers shown in the upper panel. These three panels

represent strains for two marker pairs in the apex, the midlung,

and the base, respectively. These graphs indicate that for three

sequential breaths the marker pairs in both the apex and the midlung

regions exhibited different strains relative to their orientation

within the lung. In the base of the lung a paradoxical movement is

exhibited by beads 15 and 18 where a decrease in separation occurred

during inspiration. This behavior has been observed in other parts

of the lung as well and was predicted by West and Matthews (9) for

the apical region but not for the basal region of the lung of a

head-up animal. Thus, this technique may provide the experimental

data necessary for evaluation of the theoretical analyses (9) of

stresses and strains in the lung caused by its weight.

•i j  ~ •

•) ,
I
I (
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(Dog .  14 kg ,  Morphine- Pen toba rb i t a l , Ant~s ? he s ia , Wa ’e r  - Imme rs ion
Resp i ra to r , Head-Up, ( 2 b rea ths /m inu te )

-z -z

0 ~~ ‘ n ’’ 00,50! ! P 1 Q

4,, T E O O P O S T E R I O R  t 4 rEe4~

Ap ex Mid- Lung ease

4 I ~~~~~~ ‘~~ ‘~ 2 3  9 II •
• ‘ 2 .5 9. 10 •~

~~~~~ 02  ~~~~~~~~~~~~~~~ 02 ‘ “
~~~~~ 

02

• 
.: 

0 2 4  
•:

:?
. ~:: 

~~~~~~~~~
SECONG S

Figure 8 Anisotropy of parenchymal strains in three
different regions of the lung . Upper two panels
show location of three sets of 3 markers chosen
to include in each of three regions (i.e., apex ,
midlung, and base) pairs of markers oriented in
virtually orthogonal directions. Lower three
panels represent strains for pairs of markers

• I in upper panel.

Since the above studies were performed on anesthetized dogs sup—

ported head—up in a water—immersion respirator , the question as

to whether the gravitational orientation (i.e., head -up) of the

dogs as well as the presence of a column of water surrounding the

P animals influenced the results obtained had to be answered . To

do this, 6 dogs were selected for training prior to being studied

3 in the awake standing position . The parenchyma of the right lung

of these dogs was tagged with radiopaque metallic markers and they
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wcr e  al lowed a minimum of 3 weeks to recover. A f t  u t h i s  i y inj

of t ime , the a n i m a l s  were b r o u g h t  to the  l a l* j a L ( ) r ~ ’ , s • f l  • I H  m d  I —

vidual basis , and allowed to run free for  a short time to famil-
iarize themselves with the surroundings. They were t h k m  placu l

in a Pavlovian—type sling (Figure 9) and po si t i o n ed on the  fluoros—
copic table where they eventually learned to stand (1uiutly for

20—30 minutes ,
- 

-4 L.— — -  -

1

• . ~~~1.

I ~~~~~~~~~~~~~
‘

Figure 9 Awake dog standing in a Pavlovian—typo sling in
front of the biplane videoroent qenographic i- c—
cordinq sys t em.  Doq can al so be a n e s t h e t i z e d  an d
suppor t ed  in this  “prone ” position to m a i n t a i n  the
same o r i e n t a t i o n  of the  lung and i n t r a t h o r a c i c
p r e s s u res  in  the g r a v i t a t i o n a l  f i e ld  as in the
awake  s t a t e .

-~~ _ _
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This regimen was followed for 3 consecutive days , but on the

third day, the x—ray units were activated and biplane videoroent—

• genographic recordings were made of the displacements of the

parenchyinal markers during spontaneous breathing.

No pressures or volumes were obtained in these awake animals and

no attempt was made to influence their breathing pattern or fre-

quency. In 5 of the 6 animals , several 5-10 minute segments of

spontaneous breathing were recorded in each animal before the

animal moved and had to be repositioned .

Continuous tracking of the displacement of individual parenchymal

markers during inspiration and expiration revealed that for the

most part the markers returned to the position from which they

started , although minor degrees of irreversibility were seen and

these were corrected within 2-3 breaths. Occasionally, a repro-

ducible hysteresis was observed in the displacement pathways of

some markers during inspirations and expiration . In addition ,

parenchyrnal markers located near the heart undergo additional

oscillation and displacement due to cardiogenic motion with this

movement being particularly visible during expiratory pauses. The

extent to which cardiac motion alters the stress-strain relation-

ship of lung parenchyma adjacent to the heart has not yet been

determined . Regional lung strains during spontaneous breathing

in an awake standing dog are shown in Figure 10.

Markers were selected to measure regional parenchymal strain along

the horizontal or Z—axis of the lung . Markers 2,3 ,7,10 and 12 all

lie at approximately the same level , that is on the same isohydro-
is

static pressure plane and extend over the major portion of the

apex—to—base dimension of the lung . Note that the strains between

successive marker-pairs along this line are very similar during

the two breaths plotted here. During the time of recording , this

animal sighed spontaneously and those results are shown in Figure 11.

~L1 
• • •••.- — - . - •~~~~~~~~~~~~~~~~~~~ -~~~~ . - - - . . --- - . •
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D i ’,2~%4I C R EGIONAL LUNG STRAINS IN AWAKE DOG
(Do s .  (3  ~, No Medication , Sionding Pos i t i o n , 20-30 breaths  Imm ure )

• 1  

-Y  

8 . 4 ~~~~~~~~~4 ~:: ~~~ :~
Lx t Dorsal V P ’ t r O i

DORSAL - VEN TRA L L A T E R A L

Breath i Brea te 2
04

\, 02  0 2

o r  - 0 ” ’  rv
.01 -0 1

0 2 0 2

r “ “
90 ,. . , 90 

•~~~:

~~ LJ ° . , i,r.
0~~~~ ’ 7 0 .  - . ~0 “ 7

-
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5/I •—
~~~~~~~ 0 2 0 2

S ECONDS

Figure 10 Dynamic regional parenchym al strains between
markers lying along horizontal Z—axis (i.e.,
isohydrostatic pressure plane ) of the canine
lung .

4
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• DYN A MIC REGIONAL LUNG STRAINS DURING DEE P SIGH IN AWAKE DOG

(Dog,  i 3 k g ,  No Medicat ion , Standing Pos i t ion )

LUNG OUTLINE •i/ ~r f r e r  P01r5
• cm —at FPC cm 0 2 3  0 ‘ . 0 V 2 . 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ 
+~~

-~~~~ - - -~~~~~~~ - -~~~~~~~~ ‘ SECONDS

-8 • 
• 

L • •~~~~• -8
-8 - 4  D 4 8cm -8 -4 0 4 8c. ’~-z -z

Rig ht L e f t  Dorsa l  Ventra l

DORSAL -VENTRAL LATERAL

Fi gure 11 Regional lung parenchymal strains between markers
lying along horizontal Z-axis of lung during
spontaneous sigh in awake standing dog . Outlines
of lung at end—expira tion , t aken  as f u n c t ional
residual capacity (FRC ) for this anima l and at
total lung capaci ty (TLC ) are shown to ind icate
ex tent of lung parenchym a displacement dur i ng

• this particular respiratory maneuver. Regional
lung parenchymal strains , determined by measuring
the dynamic change in distance in three—dimensional
space between marker—pairs , is shown in the right—

j hand panel.

The outlines of the lung at end—expiration , taken as FRC , and at
the peak of the sigh are shown to indicate the extent of lung

parenchyma displacement during this particular maneuver. Note

again the near equality of regional parenchymal strains suggesting

that the lung behaves like a linear spring in the isohydrostatic

pressure plane regardless of the types of voluntary respiratory

maneuver perfoimed .
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• The anisotropy of regional parenchymal strains can be seen in

Figure 12. The upper two panels represent the dorsal-ventral

and lateral projections of two sets of 3 markers each; namely,

3, 6 & 7 and 7, 10 & 11. These two sets of markers were selected

to represent the midlung and the base and were chosen to include
in these 2 regions , pairs of markers oriented in virtually orthogonal

directions. The middle two panels represent the strains between

these markers during 3 consecutive breaths. Note the reproducibility

of the regional strains from cycle to cycle. Note also that strains

between marker—pairs oriented in orthogonal directions (e.g., 7, 11

vs 7 , 10 ( r igh t—hand  p a n e l ) )  d i f f e r  by 7 5 — 8 0 % , wi th  these d i f f e r e n c e s
being significant at the 1% level.

Thus, in both 1) anesthetized dogs supported head-up in a water-

immersion respirator and in 2) awake dogs in the standing position ,

significant anisotropy of regional lung parenchymal strains was

observed . In other words , regional lung expansion and contract ion

is not necessarily isotropic or un i fo rm .

This anisotropic behavior reflects, at least in part, the influence

of the shape of the lung , local distortion produced by the beating

heart, diaphragm and chest wall, regional variation in the degree

of structural inhomogeneity, and a non-uniform spatial distribution

of stress.

Since it has been shown that the mechanical  behavior of the in tac t

PH lung is dependent on absolute lung volume and the lung ’s previous

volume his tory,  it is necessary to measure  lung volume and be able

to relate reg ional mechanical  behavior to lung volume . To do th is ,

we have designed and constructed a radiolucent lucite air-filled

- I ~ plethysmograph (Figure 13) which permits quantitation of lung

volume and can be used with anesthetized spontaneously breathing

dogs in various positions (i.e., prone , supine , right and left •H
‘ 0

LI ~~~ -- -_ _-

~~

• • • --••--•.~~• .- •~~~- • -~~~~~~~~
•-

~~
•--
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lateral decubitus) and with awake dogs trained to lie quietly

with the plethysmograph closed .

• (Dog. 8k g. Standing Posit,on . Prornozine 2 mg /k g, t m . )
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S E C O N D S

F i g ur e  12 Aniso t ropy  of lung parenchyrnal  s tr a i n s  du r ing
spontaneous breathing and a deep sigh in an awake
standing dog . Upper two panels show locations of
markers selected for analysis. Lower two panels
represen t  s t r a i n s  d u ri n g  spontaneous brea th ing
(middle row) and during a spontaneous sigh (lower
row).
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F i g u r e  13 Radio luccn t  p l e t hy s m o g r aph  pos i t ioned in f r o n t
of the bi p lane  v i d eor o e nt q en oI~r aph ic  sys tem .
An a n e s t h e t i z e d  dog is shown in the plethysmo—
qraph in the prone posit ion . P l et h y smocjrap h
pe rmi t s  q u a n t i t a t i o n  of lung vo lume .

Studies w i t h  anes the t i zed  dog s in d i f f e ren t  p o s i t i o n s  ire c u r r e n ti - :

in p r o g res s .  A m e a s u r e  of the t r a n s p u l nio n a ry  p r e s s u r e  ( T P P )  or

d i s ton d in g  p ressure  of the lung  is ob ta ined  by subtract~ nc air’1-1)\-

pres su re  f rom p l e u r a l  p ressure , the l a t t e r  being orov ideJ  by the
pressure  recorded  from an  esophageal  ba l loon  posi t i on e d  a t  the

m i d — l u n g  level (10 , 11) .  

- -  ~~ -•- —
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The animals breathe through a pneumotachograph in order to measure

velocity of flow and volume (integral of flow) of air moved during

various respiratory maneuvers. Selected breathing regimens (i.e.,

various tidal volumes and cycle lengths , including periodic respira-

tory pauses) and volume histories are imposed and controlled by the

respirator (Harvard) during positive pressure ventilation (PPV) -

Static pressure—volume curves are obtained for the intact lungs by,

starting from functional residual capacity (FRC) , i n f l a t i n g  the

lung with a Hamilton Super Syringe in prescribed increments (e.g.,

100 ml increments) to total lung capacity (TLC), defined as 25 cm
H
2
0 TPP and then deflating in the same incrementa l manner back to

FRC. Care is taken to impose the same volume history on the lungs

immediately prior to doing the pressure-volume curves.

In addition to using pairs of markers to quantitate directional
- 

inter— and intralobar strains , it is possible to calculate dynamic

changes in regional lung volume (i.e., ventilation). By selecting

sets of 4 markers (i.e., with any given set of 4 contained within

the same lobe) to define a tetrahedron , the spatial and temporal

distributions of changes in regional lung volume , relative to the

lung itself (i.e., in contrast to inspired radioactive gas tech-

niques) are obtained throughout the respiratory maneuver. Further-

more, since the three-dimensional (i.e., spatial) coordinates of

the tetrahedrons are known throughout the respiratory cycle , the

dynamic changes in relative position of the markers , and hence the

volume described by them , can be analyzed with established methods

in engineering mechanics. For example , pure deformation can be

separated from rigid body motion (i.e., translation and rotation)

and analyzed for axial strains (i.e., E , C~ , c )  and shear strains

(i.e., 
~~~~~~ ~~~~~~~ 

c~~ ) thereby providing strain tensors for different

regions of the lung during a particular respiratory maneuver.

Software to perform these calculations has been written and imple—

mented on our CDC 3500 computer. 

- . - . - .~~ ——— - - 
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-
~~ To date , 3 dogs have been studied in this plethysmograph and

the results will be reported later upon completion of this phase

of the study.

To aid in interpreting regional parenchymal strain data , it would

be help ful to be able to visualize in three dimensions , the dynamic

displacements of the parenchymal markers throughout a selected

respiratory maneuver. While true three—dimensional display devices

are still in the developmental stag e , it is possible to obtain a
pseudo 3—D or perspective display of marker displacements by looking

at a 2—D image of the respective marker positions as the image is

rotated about a given axis. The software required to accomplish

this has been written by personnel in our laboratory and the pro-

• liminary results are shown in Figure 14. The picture depicts the

anterior—posterior (i.e., ventral—dorsal) view of a dog ’s thorax
(Z—axis vertical) with the dog ’s right side on the left of this

picture. The white dots depict the positions of 12 markers at

functional residual capacity (FRC ) (i.e., at end—exp iration) while
the red dots represent the positions of the respective markers at
total lung capacity (TLC) (i.e., maximal lung volume). The pathways

that the markers took in going from FRC to TLC and back are shown

by the lines connecting the white (FRC ) and red (TLC) dots. Only

7 of the 15 data points for this respiratory maneuver are shown

— for each marker for the sake of clarity . Markers in different

lung lobes are identified by the color of the lines connecting

the dots (i.e., upper lobe — yellow ; middle lobe - blue; and

lower lobe — o r a nge ) .

.

~

. 
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Figure 14 The ventral—dorsal view (Z—axis vertical) of
a dog ’s thorax (dog ’s r i ght  side on lef t side
of picture) with the marker positions identified
at FRC (white dots) and at TLC (red dots) with
the pathways taken by the individual markers as
the lung was inflated from FRC to TLC and back
to FRC indicated by the lines connecting the
data points (dots). Lobar location of markers
identified by color of connecting lines (i.e.,
upper lobe — yellow; middle lobe - b l u e ;  and
lowe r lobe — orange)

Figure  15 represents the same data as shown in  Fi gu re 14 but rotat~~J

90° to the right (right—lateral) (left panel) and 90° to the left

(left—lateral) (right panel) to further illustrate the capabilities

of this display algorithm . In fact , the image can he rotated about

any axis in any desired angular increment. Furthermore , It is

j’~ ;sib1e to visualize the dynamic displacements of these markers

during the resp iratory maneuver at any desired angle. It is hoped

j tha t these types of d i sp lay  opt ions w i l l  aid in assessing rc~ iona1 

— -- - -  - - - ---- - - • - -- - - — - —.-
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A i u ( ( j h a r c t l c h ym a l d i s t o r t i o ns  and s t r a i n s  as well  as ( ‘ l u c i d a f  in g
— the ro l e  t h a t  lung f i s s u r e s  and lobar s l ippage  p lay  in i n f l u e nc in g

r s g ional  lui .g  mechanic s .

Fi gure  15 The r i g h t — l a t e r a l  (left panel) and l e f t — l a te r a l
( r i gh t  p a n e l)  views of the m ar k e r  p o s i t  ions in
the dog ’ s tho rax  in F i g u r e  14 .  See Fieur. 14 ’ s
legend for description of color codes used.

Summary and S i g n i f i c a n c e  (Pa rt  I)

The deve lopment  in our l abo ra to ry  of the p a r e n c l i y i - r i  1 m a r k e r  t ~ chn  i~
( P a r t  I )  as  we l l  as the a b i l i t y  to r c c on s Lr u c t ~ the  t h r e e — d i n c n s i o : r . .
she/ es and d i m e n s i o n s  of the h e a r t , l u ng s , chest  w a l l  an d  d i a /  -hray:- ,

in t h e  i n t a c t  t ho rax  ( P a r t  I I )  p r e s e n t s  a u n i que orpo rtuni t to

stud y dynamic  reg iona l  l u ng  n l i - c i i a n i c s  and l u n g — c h e s t  w a l l — d i a p h r a g : -
in - s a c  tion under  v a r i o u s  c o n d i t i o n s  of lung  vo lumes  a n d  Ir ay  / ) O~

t ion and t he re l y provides  the me thodo logy  to  st ud y  t h e  e t f ec t s  on

reg i o na l  l u ng  f u n c ti o n  of a l t e r a t i o n s  in these ç a r a r l e t eI n  in d u c J
by c h a ng e n  in the g r a v i t a t i on a l — i n e r t i a l  f o r c e  e n v i r o n m e n t .  The

_ _ _  
_ _ _ __ _ _ _  J
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results described in Part I represent significant new information

regard ing regional mechanical properties of the lung and clearly

indicate the need to study the intrinsic elastic behavior of the
- 

• 

lung and its relationship to the chest wall and diaphragm in the
intact thorax with techniques possessing sufficient temporal and

spatial resolution to permit quantitative determination of the

dynamic changes in spatial (three-dimensional) lung parenchymal

strains, regional lung volumes and lung—chest wall geometries.

Mechanical studies of the intact lung have , heretofore , not been

possible. These data , which cannot be obtained by other method s ,

provide a quantitative measure of the mechanical properties of the

lung under normal physiologic conditions (i.e., an intact thorax

and normal intrathoracic pressures) at lG and will preface similar
planned studies under conditions of increased or decreased gravita-

tional—inertial force environments encountered in aerospace flight.

Because of the very large differences in specific gravity of the

air in the alveoli , and the lung parenchyma and its mobile blood

content plus the anatomically fragile nature of the lungs , the

respiratory system is the most susceptible of all bodily organs to

malfunction and actual structural damage during exposure to

changes in the direction and magnitude of the gravitational—

inertial force environment.

Consequently, increased knowledge concerning the mechanical charac—
• teristics and dynamic three—dimensional geometry of the lung is a

basic requirement for understanding the factors which determine

man ’s reactions and tolerance to short and long term changes in

the force environment such as encountered in conventional aircr aft

and in manned space flight. 
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PART II: Dynamic Spatial Reconstruction Tomography for Quantitative

Studies of Structure and Function of the Heart, Lungs,

and Circulation

A. Overview and Current Status of X—Ray Techniques for Reconstruc-

tion and Display of Moving Organ Systems

I 

- 

Two major activities in our laboratory during the past four

years have opened the door to development of procedures for true ,

dynamic three-dimensional imaging of the heart, lungs , and circula-

tion; namely , 1) development of the capability for high quality
recording and rapid computer digitization of multiplanar x-ray video

projection images (8,12) and comprehensive display of quantitative
image and functional data derived therefrom , and 2) computer iinp].e-

mentation of a fan beam cross—sectional reconstruction algorithm ,

called ART III (13 ,14), which is similar in concept to that emp loyed
in the first EMI brain scanner but which works satisfactorily with

a relatively low number of two-dimensional x—ray fan beam projec-

tions recorded with our video fluoroscopic system.

The capability provided by the video image digitizing system for

obtaining high spatial resolution (up to 2,000 samples , each 0.1 mm

apart, on each of 250 lines per video field , each line 1 mm apart)
and high temporal resolution (60 video fields per second) measure-

ments of the changes in x-ray densities and the distribution of these

-: densities throughout organs such as the heart and lungs is required

for determination and display of the true dynamic cross—sectional

geometry of these organs.

•1

f
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In addition to the algebraic reconstruction technique, ART III (13),

we have implemented on our CDC 3500 computer a convolution recon-

struction algorithm (15) which also operates on x—ray fan beam multi—
planar projection data. If enough views can be collected (60 or

more) ,  the convolution algorithm produces more accurate cross—

sectional images in less time than are obtained with the algebraic
technique. For 64 x 64 reconstructions from 60 views , approximately
3 minute s are required if ART III is used , whereas about 1 minute

is required if the fan beam convolution algorithm is used.

Figure 16 diagramatically illustrates the system developed in our

laboratory for generation and collection of two—d imensional multi—
planar x—ray projection images for dynamic spatial reconstructions

of the thorax using a computer—controlled single-source single—

detector x—ray fluoroscopic system. The x—ray imaging chain , shown
at the bottom of the figure, is a new high performance video-

fluoroscopic system , unique in its design and construction, which
is called the SSDSR for single source dynamic spatial reconstructor
(see Appendix I).

This assembly has the advantage that the entire thorax of medium

sized dogs can be imaged on the large 12” x 12” flat screen

(GdSO
2
) with minimal geometric distortion. This cannot be done

with the conventional 9” diameter , curved screen electrostatic

image—intensifier tubes. In addition, the two—stage magnetically—

focused image—intensifier and image—isocon video camera have far

superior dynamic range , spatial resolution, and lag characteristics

by comparison with conventional fluoroscop ic systems (16 , Appendix I).

H
I 
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DIAGRA M OF COMPUTER - C O N T R O L L E D  SINGLE - SOURCE
SINGLE - D E T E C T O R  X -RAY VIDEO SYSTEM FOR COL L E C T I O N

OF MULT IP L A N A R ROENTGEN VIDEO PRO JECTIONS I~OR
D Y N A M I C  SPATI AL RECONSTR U CTI ONS OF THE

INTA C T THOR A X AND ITS CONT E NTS

DI G I T A L
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Figure 16 Diagram of computer—controlled single—source
dynamic spatial reconstruction sys tem (SSDSR)

The object to be reconstructed is positioned in the x-ray field

of the SSDSR and rotated under computer-control about ~n axis

perpendicular to the central plane of x-ray beams. The fluoro-

scopic image at each successive angle of view is scanned by the

video camera , producing an electronic video signal representation
of the image , which is made up of up to 250 scan lines for maximum

• (60/sec) temporal resolution reconstructions of the beating heart

or up to 500 horizontal scan lines for reconstructions of slower

moving structures (17).

Each line in the video image represen ts the projections of an

approx imately 0.5 mm thick section of the object scanned. Measure—

ments of the transmitted x—ray intensities on each video line are

made by the video di gitizer  ( 12)  and are  repeated on the same

lines for each successive view of the object as it is rotated in

- --~~~~~~~~ -- - - --~~~ -- ~~~~~~•--- - - “-- -~~~~~~~~ ------- —-
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equi—angular increments through a total arc of 180° to 360°. The

video digitizer can digitize up to 1000 points on a single line in

real t ime , or the entire video image in about 10 seconds. These

x—ray transmission measurements provide ’the data required for
determination of up to 500 parallel adjacent cross sections of the

object , or , in other words , its complete three-dimensional recon-
struction.

Reconstruction of a moving object, such as a beating heart within

the thorax of a live animal , using a single x—ray source imaging
system, requires maintenance of exact temporal relationships

between physiological events and x-ray projection image recording.

This is accomplished by slaving all components of the system , in-
cluding the computer , to the master oscillator , labeled SYNC in
Figure 16, which controls the video sweep circuits of the video
camera. The rate and phase of the cardiac and respiratory cycles

are kept constant and synchronized with the rotation , x-ray pulses ,

video recording and digitizing process by computer-controlled

ventilation of the lungs and pacing of the atria and ventricles ,

all in exact phasic relationships with each other and with the

60—per—second oscillator pulses. The ECG and other hemodynamic

variables are simultaneously recorded with the video images on a

video tape or video disc (8) so that sets of images recorded at

the same phase of successive respiratory and cardiac cycles at

each incremental angle of view can be selected for each 60—per—

second point in time throughout the respiratory and cardiac cycles

to obtain dynamic spatial reconstructions of the full anatomic

extent of the thorax and its contents.

Figure 17 schematically illustrates how a single transverse cross

section of an object like the heart may be determi ned using an
algebraic reconstruction technique. 

. - - - - - -  --~~~~~~~~~~~ - - - -- - -- -~~~~~~-- - - -
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Cr o s s — S e c  f i on Recons t r uc t i on  f rom D~~ ”q ~~’ t
G e o m e t r y  T r a n s m i s s i o n  A b S O T P t I O O  P r o  f ’l ~ s
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F l j u r I /  17 Di ag ram of geometric considerations for tr - ins—
ax ial x—ray reconstruction of a cross r I o  i i

of the heart.

The transaxial plane traversed by the x—ray he-tm which contains t i ;

desi red  cross section of the ob jec t  to be r e c o n s t r u c ted  is m i t  h- —

m a t i c  i i i y  d i v i d e d  in to  a number of smal l  squares  ( t y p i c a l l y  f r o m
I ~ t l2~ x 128) and the i n t e n s i t y  of t h e  x — r a y  ho:s: - i t r a n r —

m i t t  * d t h r o u gh  t h a t p l a n e  is m e a s u r e d  at  sevI ’r a l  points ( t  y p i - ; i l l y
rer~ 200 - • 500)  a l o n g  the -iet~~c t o r  fo r  each  rota~ ion a l  1 n s j  L i o n

of t h e  x — r a y  source md P t I ’ct ~r w i  th  r I -s p ec  I o the  ob I e ct  .

• u ’ I n ( - t r i c  cons i d e r a t  I ens are t h i -  SUfl O i t  t a -  sow ce ~n / dot I-ctor

- i re  r a t  1 1 / I  I L / l i t  t he  d j * ct .  I I  if the 1 j - - -
~ is t O  i t / - i  w i ’ n

N ;pect t o  1x -d s o ur c e  u / / I  - P t  - - I : . Th .  t r - iI rmi t I i  x—ra y l e ~ l :

m( l s ur e n t e r l t  S f t  n ,  t h i ’  d etec to r  - I I I  r i - l i t  + 1 ( l S U ! ( ~~t i~~ l i t 5 C / I  t h L

in c i d e n f  x — r a y  L i :  ( ‘ i t  - 1 1 . - I  b y - ‘:in I t i n  o L j ’ -:t f r e t - :  t h e  s yr t  ~)
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for all ang les of view by a system of linear equations in which the

unknowns are the x—ray beam attenuation coefficients in each small

square of the grid. The algebraic solution of this system of

equations provides an array of numbers which  are proportional to
these x—ray attenuation coefficients and which can be displayed as
a matrix of picture elements with individual brightness levels

proportional to the attenuation coefficients in each small square.

Such a display results in an image of the cross—sectional structure

of the object scanned . The detector in this figure can be con—

sidercd to be 1 vid eo line of the up to 500 video l ines in our

x—ray  f luoroscopic system , each of which  can be used to r econs t ruc t

cross sections over the entire anatomic ex ten t  of the hear t  or

thorax .

The left-hand panel in Figure 18 is a photograph of the x - ray  video

image of the thorax of an intact dog recorded with the SSDSR system

dur ing rotat ion of the dog through 360° . The wh i t e  area on e i ther

side of the chest in each image represents  the u n a t t e n u a ted  x- ray

beam impinging on the fluorescent screen and demonstrates the
superior dynamic range of this system , by comparison to conventional

fluoroscopic equipment , inasmuch as the spine can be seen through
the heart shadow , and other intrathoracic structures , i n c l u d i n g  the

radiopaque 2 mm diameter catheters, simultaii~ ously with segments

of the image produced by the unattenuated x—ray beam . No x-ray

contrast material has been injected into the dog to produce this

image.

‘I
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RECONSTRUCTED CROSS SECTION OF DEAD DOG THORAX

Pro jec t ion  at 180 ° Centra l  Cross Sect ion

Figure 18 X—ray video projection image of intact dog thorax
recorded with SSDSR (left) and reconstructed cross
section of the thorax (right) at level indicated
by bri ghtened line.

The vertical column of bars at the left of each image are the

amplitude—modulated analog signals of up to 16 hemodynamic variab1~~~,

including ECG , pressu~*es , etc., which are simultaneously recorded

with the video images~ (8) . The brightened line indicates the leve
of the reconstructed cross section of the thorax shown in the r i gh t
panel .  

- -

This r econs t ruc t ion, produced by a f a n — b e a m  convo lu t ion  a l g o r i t h m ,
conta ins  117 x 117 p ic tu re  e lements  and was d e t e r m i n e d  f rom 120
views recorded over a range of 360° . Note  the sp ina l  v e r t e b r a  and
spinal cord , r i b s, pleural surfaces of the lungs , the esophagus ,

bifurca ted tra chea , epicardial surfaces of the h ea it , and the two

catheters (2—mm diameter) in the h e a r t.  Some trapped air intro—

duced via the intracardiac catheters can be seen in the chambers

of the hear t of this dead dog . The spatial and contrast resolution

achieved in this reconstruction is very encourag ing, considering

that conven tional (4 ma) fluoroscopic x—ray levels and video re-

cording  tech niques were used.

--
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The t / 5 /  pane l  in Fi gu re  19 depic ts  12 br i gh tened 0 . 5  run t th ic~
video li nes , each 16—mn-i apar t , cove r ing  the an a t o mi c  e x L I - n t  of the

thorax  of an i n t a c t  clog . These levels were selected from rj~ e 360° ,
c i r c u m f e r e n t i a l  scan f o r  r econs t ruc t i on  of 12 cross sections of the
dog ’ s ches t .  The video l ines  j u s t  above and below each br i / ht e ned
level were also d i g i t i z e d  and averaged wi th  the se lec ted  l i n e s .
Since the m i d p o i n t s  of a d j a c e n t  l i n e s  arc  spaced a t  1.0 run int& r’:alr ,

averaging of 3 lines results in a cross section which enroI:l~~tsscs

• an appi -o:- : i t ’iate lv  3 mm th ick  sect ion of the scanned  o b j ect .

— _____— ,r~ .—_jC**~ ~— ~ ~i—~~’ ~. —r —

V —I — t

e e o c -
F l / / in l~ X—r t ’,’ Video p r o l e c t i : :  i :a-~~’ of dog t h o r i x  ~i t  P

stl /e r ilnp os t /1 l in e s  ( t o p )  at 12 anat r’Ii c - l eve l s
se l l  - i  t o n  crnss—s ’c’t ion rec/ /nstr lict tort , and
12 s i - ~ ‘a ra t 3 — i -- : ’ :  + h i ck  I r s i i  :;v i r sc  s ec t ions  t h r o u g h
thorax ( i - S O  / ) 1 - 1 )  1~~~C C) f l 5 ~ r i - I  I S o l e c t e l  1r ~v ’ l S ,
ex t - i - / i n  f r on t  I ft i } ’x I ( /  i / ~ l~aSe c / f  t h e  l u n i r s .

--- - --
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The bottom panel in Figure 19 shows these 12 reconstructed cross

sections of the thorax from the apex of the lungs , at the upper

F lef t  of the panel , extending cephalocaudally to the base of the

lungs , at the lower right of the panel, in left-to-right , top-to-
bottom order . Each cross sec,tion contains 64 x 64 pic ture  elemen ts

and was reconstructed in approximate ly  1 minute  from 60 equa l ly

- 
spaced views over 360° by a fan—beam convolution algorithm . The

spinal vertebra , ribs as they course through the plane of the cross

- 
section, the esophagus and bifur cated airway , the epicardia l  sur-

face of the heart , the pleural surfaces of the lungs , and the dia-

phragm can all be visualized at the appropriate levels. Air in
I 

the transverse segment of the large intestine can be seen in the
lower row of cross sections. No x—ray contrast material was in-

jected into the dog to obtain these reconstructions.

A very useful advantage of full spatial anatomic reconstructions
* of the thorax such as those shown in Figure  19 is that  mul t ip le

parallel sections oriented at any desired ang le  in r e lat i o n  to the

x , y and z axes of the thorax can be computed f rom the reconstructed
- transverse images , and displayed for viewing of the thorax from any

desired aspect.

The top panel in Figure 20 is a photograph of the A-P x-ray video

- 
projection image of the dog ’s thorax , which conta ins  a l l  of the

structures of the thorax superimposed upon the recording p lane .

- 
The bottom panel in Figure 20 is a computer-generated display of

~ 
j 12 separate , parallel 3—mm thick coronal sections through the

- thorax , extending from the sternum at the upper left to the back-

bone at the lower right. These 3 mm thick coronal sections of

- 64 x 64 picture elements each were computed from 64 reconstructed

transverse sections of the chest , of which 12 are shown in

j Figure 19. Note the ribs in the chest wall , the ca theters in the

heart (first and second images in row 2), the trachea and esophagus

(third and fourth images in row 2, respectively) and the detail of

~ t the vertebral column (in row 3).

~~m~~~~~~~~~ LJ
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Fi j u r e 2 O X — r a y  -,‘i : h- o  ~-r o  e c t i on  ima ’~~’ of d i  Lhor i:-: ( t o~~) -

~-e e;ord, /1 ifl ~m f l t ~~’ r ior— : U S ter ion  p o s i t i o n , U I ~ J 12
separa  t i ’  3 —mm t h i c k  cru c i a l  s ect i o n s  e~ h t h or a x  I
(ho t t o n )  I x  t e n d i ng  from t IC 5L iso:’:  t o  t h e  h i c k —  -

h/ ne , c o : - - : - u ted f r o m  hr  sane ’ UY i f l  r i L i  isO spa 1: ~al
a r r a y  : - :—rny  a t t I - l u t t l o n  val ’ 1 ’s en c o no ’ /s s i : :  t h e
f u l l 1 ho ira:- : , used for  t P - rccon St  1 0 0  ted s- -c i ons
Shown in  F igu r e  11,).

--‘— - - -  - -- - --- -- -- ~-- -- - ‘ - - -- 
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Figure 21 is a similar display with a lateral x—ray video projection

image of the dog ’s thorax shown in the top panel and 12 separate,

parallel 3—mm thick sagittal sections shown in the bottom panel.

These sections extend from the left side of the thorax (at the

upper left) to the right side of the thorax (at the bottom right)

and were computed from the same set of 64 reconstructed para l le l

transverse cross sections as were used to compute the coronal

sections shown in Figure 19. The intrathoracic structures are again

clearly visible. Note particularly the shapes of the hear t  and

lungs , the catheter traversing the cephalo-caudad extent of the

superior vena cava (2nd image ) and in the r i gh t  a t r i u m  (3rd and

4th images , row 2), and the detail of the spinal vertebrae , also
in the second row of images.

To further illustrate the advantages of full spatial (3—D) recon—

- structions of the thorax , Figure 22 shows , in the top pa nel ,
12 sections through the cephalo—caudad mid—line (Z-axis) of the

thorax , with each successive section from left-to—right and top—

to—bottom representing a slice directly through this central

vertical axis but rotated by 24 ° with respect to the previous
section. The 12 images shown in the bottom panel of Figure 22 are
parallel oblique sections computed at an angle of 45° to each of

the x , y, and z axes of the thorax. This slice orientation is

nearly parallel to the longitudinal base-to-apex axis of the heart.

The multioriented “thin ” sections in figures 19—22 , all of which were
computed from one synchronous cylindrical scan of the thorax ,

demonstrate the capability for deta i led quanti tat ive analysis of
simultaneous anatomical structure and functional relationships of

intrathoracic or other organ systems of the body.

J
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F i g u r e  21 X—ray video projection ir :iqe Oil clog thorax (top)
recorded I n  l e ft — l a t e r a l  p o s it  ion , a n l  12 m ’t’,-tra tj~3— mni t :h i/: k s c i ci i t t a l  sections of t he  t h c - r - i x  (bo t tom )
exte nd i r i g  f r o m  the  left ,O i ’ : I  1 l-.~t l l  Lo he r i g h t

I ~-;,i l l , compu ted  f r o m  t ft s ;-re s can  Os La an~s / n t t l a l  a r r a y  of x — r a y  a t t e n ua t i o n  \ - a l :e s  deter-
m in e d  f o r  F igu r e  j j ~ 

H . H HVrrf f f l u  - ~ ~ - _, _ , - - -- -- - - 
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~~ c tre 22 Twelve long i t u d i n a l  t h o r a c i c  s ect i o ns  (L ~~
computed  at  2 4 °  al - I q u l a r  i n  c r e m r n t  P r e - l i
cr -p h a ] o — c r u c l a l  r - i 1 l ~~ne (z—ri :-:is) ~~ / i  I I ra:-: ,
and 12 p a r a l l e l  ob l i j u e  t h o ri l l ’ i c  50C1 i o n : ;
( b o tt e r t ) c o m p iL e d  a t  4 5 °  ,t~~ - ; l t  t o  :-: , y ,
of t h o r a x  fr o m  the  same scan  0 - i  and  r - su l ~ 1 : :
x — r a y  a t t c n ua  Lion  v a l ue s  as used  f;r hi I : ur e  1~~.
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IIe - ,/ ’I -ver , in order to a c c u r a t e l y  s tud y d y n a m i c  structur al—i t n c t io n a ;

r e l a t i o n s h i p s  of moving organ systems , it is necessary to o b t a i n
h i gh  temporal resoluL ion (i . e . ,  60 to 100 time s per second ) t h r ee—
d i mc r is i o n :t l  r e c o n s t r u c t i o n s  of these s t r uc t u r e s .  This  can be
accomplished by the SSDSR in dog s d u r i n g  imposed c o n d i t i o n s  of
“ phys io log ica l  s tat io n a r i t y l produced by precise  computer  con t ro l
of the rate and magnitude of the respiratory and cardiac cycles

• in exac t i n t e r ph a s i c  temporal  r e l a t i o n sh i ps w i t h  the  m ul t i p l a n a r
x - r a y  video image s can n i n g  and record ing  procedures .

E N D -  MID-  END -
E X P I R A  TION INSPIR A T ION I N S P I R A T I O Nr r~~~r~~~I ~~~~~~~~ t 11 ~~‘k 11 ~~ 1

I ~~ II ‘

~~~~~~~~~~~~~~~~~ ii 1 .1 1
~~~~~~i~~~~~~JL~~~~J

Apex ~~~~~~~~~~~~

Mid~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Bose
D~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~u re__23 X — r a y  v i d e o  p r o j e c t i o n  i ma p’s o f  1 i v i  no log ’
t h o rax  (t op  row ) recorded i.n a n t e r i o r —p o s t e r i o r
posi Lion  d u r i n g  3 phases  of  rcs~~i r a tor ~ cn,- c le ,
and re co n s t r u c ted cross sec t ions  o f t h o r a x
(bo t tom t h r e e  rows ) for these 3 i;hases of r e s p i r a —
tory cycle at 3 d i f f e r e n t  a n a t o m i c  l eve l s  of
t h o r a x  , i n c ii cat e ~l by br I q h t e f l L / i  her  i so n ta l  l i n e s .

- - ‘  -~~~~~~~~~~~~ - -~~~~~~~~- - - ~~~- ~~~~~~---
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— Figure 23 illustrates a sequence of thoracic cross—sectional recon-

structions of a living dog ’s chest , with no x—ray contrast material
injected , obtained from temporally correlat ing sets of digi t ized
multiplanar x-ray images of the thorax recorded during computer—

controlled ventilation , cardiac pacing , and rotation of the dog in
angular increments of 6° on successive respiratory cycles for a

total of 31 cycles (i.e., 31 views over 180°), The top row of

projection images , from left—to—right , were recorded at the end—

expiratory, m i d — i n s p i r a t o r y ,  and end—insp i r a to ry  phases of the
respiratory cycle, respectively. The brightened horizontal lines

on each image depict three levels near the apex , center and base of

the thorax selected for reconstruction at these three phases of the

resp iratory cycle. Each row of cross sections (reconstructed usir

ART III , due to the limited number of views ) r ep resen t s  the th ree

selected anatomic levels of the chest. The top , center , and bottom

rows correspond respectively to the apical , mid , and basal levels of

the thorax . Each column of cross sections represents the three

different phases of the respiratory cycle. The left , center , and

right columns corresponding respectively to the end—expiratory,

mid—inspiratory, and end—inspiratory phases of the respiratory

cycle. Hence , this montage of images illustrates both dynamic

(in the horizontal direction) and spatial (in the ver t ica l  d i r e c t i o n )

reconstructions made from a single circumferential scanning pro—

cedure.

The top two panels in Figure 24 are x-ray video projection recordings

of a beating heart in an intact living dog at end—diastole (left)

and erid—systole (right). The brightened horizontal line depicts

one of approximately 80 to 100 levels of the heart , extending frem

base—to—apex , which could be selected for cross-sectional recon—

struction of the heart during the cardiac cycle. During rotation

of the dog in 6° increments on every other beat through a total

Li 
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range of ldO ° , y i e l d i n g  31 views in a t o t a l  scan ~r i:. - o t  i - - : i  : - : i—

niate ly  25 seconds (hear t  r a te  - --as 150 b e a t s/ m i n u t e )  , res~~i rat ion
was suc coded and x — r a y  c o n t r a s t  m a t e r i a l  was i n fu s e d  c o n t i n o c - x l y
in to  the l e f t  v e n t r i c u lar  chamber to ach ieve  c o n t i n u ou s  op a c i f i cat i
of the c l i s i ; ihe r  d u r i ng  the r o t a ti o n a l  scan j / e r i c e i .

D iasto le  Systo l e

~-~..— - -IL ~~~~~
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

—
S 

C~~%~~ ..-“~~~~ e- ~~~ ..... ‘
~~~~~~~

. - — ‘ 
~~~~~~~~

y~~~~
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l i r e  24 X r i y  v id eo  p r o j e c t i o n  1 :151/es of h e - o L i n  h e ar t
- — - 

i n  i n t a c t  clog (t o p )  recorded at  - r ; d — d i a n t ’ c l e
a o l  - r c I — n y s t  ole d u n n ;  infusion of x—ray contrast
p 1 / l i  5 i nt o  l e f t  v e n t r i c le , a nd cross s/ ct on of
i n L - 1 / ’ t b e i t i n g  l ;u a r t  ( b o t t o m ) r ’eerlstructed a t
l ev e l  of bri gh t e n ed  l i n e  f o r  12 p o int s  i i :  t i :-:r
t h r ow  hon t the  card iac ry e  I c  

- - - _ -- 
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The lower three rows of panels in ~ igure 24 show a single cross—

sectional level near the mid—plane between the base and apex of

the heart which was reconstructed (using ART III) at 12 successive

points throughout the cardiac cycle, with each successivc- point in

time being 33 msec apart.

The left ventricular chamber and epicardial surfaces of the heart

can be seen in each successive image in the f i r s t  two rows of cross

sections during the isovolumic and contractile phases of the sys—

tolic period , followed by the subsequent d i ast o l i c  f i l l i n g  period
shown in the bottom row. Th~ upper l e f t  hand cross se ct i on  corres-

ponds to end—diastole , and is coincida nt wi th the computer  pacing

pulse (or “R” wave) which initiates the contraction.

These cross sections demonstrate the  heretofore unobtainable cap- -
- ability for obtaining the dynamic cross—sec tional shape  and dimen-

sions of both the epi— and endocardial surfaces of the intact

working heart in l iving a n i m a l s  over the  en ti  ru  an st om i c and f e y —

poral ex t en t s  of the myocar d i a l  ~- .~al1s and c a rd i ac  cycle , respec-

tively.

In order to s tudy left ven tricular dyici r ics in greater detail ,

ideal rocntqonocjraphic conditions , u s i n g  an isolated , w o rk i n g

canine left ventricle , were arranged . The top row of panels in

Figure 25 are x—ray video images of an isolated l e f t  v e n t r i c l e

shown at end—diastole and at end—sys to le  b e f o re  and a f t e r  l i g a t i n g

the an te r ior  b ranch  of the circumflex coronar artery. The two

H brightened lines near the mid—level and noex of the isolated

ventricle depict the an a t o m i c  leve ls  s el l - cL o d  f o r  rcconstruc io:1

of tb-  cross sect iont  1’ the v e n t r i c l e  shown in t ho l e t  I on two

rows of panels. The coronary circulati O~~ i , s;~~p li ed l H a r t e r i a l

blood from a donor dog , was kept co:;:pletcl y sc.- r a r a t e  f t e : - r an ai ti —

ficial systemic circulation , which cost  i i  ned 10% he o v i st  in solution

- - I
y
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w i t h  isotonic Ringer ’ s dextran to provide con t inuous , b r - a t — to-
beat , roentgen  o p a c i f i c a t i o n  of the chamber. During computer-

controlled rotation of the isolated ventricle , both before and

after the circumflex coronary artery was tied off , the heart rate

was controlled by e lectr ical  pacing pulses  which were sy nchron ized
with the video scan rate to ensure a fixed temporal relationship

between the 60—per—second x—ray images re cor ded at each angle  of

view and the mechanical phases of each successive cardiac cycle. N
The ve n tricle was rotated dur ing  a l t e rnate ca rdiac cycles so th at
one complete cardiac cycle was recorded at each angle of vie w .

D I A S T O LE SYS T O L E

Before ~ f te r Before ~t f t e r  ‘1

Project ions 
!“‘

~~
“
~ 

~~~~~~~~~~~~~~~ 
!,h”

~~~~~~~

’

~~~ ~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

~~~ Cen;ra~ I~ I I 1 ~ I ~ ~~~~~~~ I
C r o s s ~

’
S e c t , o n  ~ _I I ~~~~~~~

. I I ~ I I • ]
I

1-i yure 25 X—ray video projection images of beating isolated
can ine  l e f t  v e n t ri c l e  ( top  row)  recorded  d ur i n o
d ia s t ole  and systole  befo re  and after ligation of
circumflex coronary artery, and r e c o n s t r u c t e d
cross sections of ventricle (bottom two rows) at
2 levels  i n d i c a t e d  by b r i gh t e n e d  l i nes , de t er mi ned
for diastole and systole before and after ligation
of the c i r c u m f l e x  co ronary  a r t e r y .
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Although. not discernible in the projection images , the reconstructed

cross—sectional images in the bottom two rows of Figure 25 Indicate

the functional effect of the diminished supply of blood to the

anterior wall of the left ventricular myocardium. In the first row

of cross sections, which show the mid—level of the left ventricle

at end—diastole before and after ligation (left two panels , respective-

ly) and at end—systole before and a f t e r  ligat ion (right  two panels ,

respectively), the anterior and posterior papillary muscles can be

clearly seen. The cross-sectional area of the chamber at this

mid-level is noticeably greater in the images reconstructed after

the artery was ligated , indicating the weakened contractile cap-

ability of the ventricular myocardium. At the apical level (bottom

row of cross sections), the end—systolic cross—sectional area is

significantly larger in the image reconstructed after ligation of

the coronary artery. By determination of the borders of the cndo—

cardial and epicardial surfaces in these cross sec tions (by tracing
with a light pen or using automatic edge detection techniques (21))

accurate quantitative analysis of regional left ventricular structure

and function (e.g., dynamic chamber dimensions , wall thickness,

rate of wall thickening , contractile patterns , etc.) can be carried

out and studied under a variety of known and controlled conditions.

Figure 26 is a computer-generated gray level plot of two cross
sections of an isolated beating left ventricle reconstructed near

the base (left) and apex (right) of the ventricle during the same

instant in the cardiac cycle. The myocardium is depicted by points

with different gray levels which are proportional to the degree of

stress at each point location in a direction perpendicular to the

plane of the reconstructed cross section. These values are deter -

mined by mathematically dividing the cross—sectional image of the

myocardium into a linked set of several hundred triangular elements

and, by using finite clement analysis techniques ~l9), computing the

stresses at each node of each triangle on the basis of the cross—

sectional shape of the myocardium and the simultaneously measured
I 
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t r an a r l ur a l  cardiac p r e s s u r e s .  This type of dis~ - l a y  iii c - h i c k  : - l a ~~r-
or calculated physiolog ical variables are 5U~~~~/ j  u } - i n  1 I I I ~ r i - c o n —

structed cross—sectional anatomy n e rm it s  s i m u lt a n e o u s  ana l y s i s  of Istructure and function of the object being studied. I
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~~~~ure 2 - C o m p ut e r —  1 i r a ted  s t ress  : lot s  f o r  t - - . / ‘i- os a
s- - c t io n ; o f  left v-~n t r i c u l a r  v ’. oc 1 l u: - I

a t  r o ot e d  at basa l  ( l e f t )  an  ~p i c o l  ( r i
l~~-i~ is at  same po in t  in d ia s t o l i c  h a s - -  of
c a r d  i ic ‘ycle - 

-

D in 1’ La-; of t he t h r e e — c d  im e n si o nal  image in f or : t~t t ion o b t t i n e d  be
c o m p ut e r  5 / - a  t o n o g r a p hic : t echni .q :u- : ;  is an i r:Ipc )ri a n t  fj ç l 

5 i

i -stahlisl i nj t h e  usefulness of these c a p a b i l i t i e s  in  b a s ic  res - a r c - :.

cl c l i n ic - l i  r a c t i c e .  Time de l a y  v i l e  and ‘ .1 n r 0 0 0r c ii  fl

t / c  t I - : :: - ‘ i l l and spcl t i r 1 n - q t f lccn  of t he  c(:- :: l t e : — / / -nr -r atr-i

-iOS~~ —~~ i - ~~~t / ) 1 1 1  r / ’c’orlstiuctions illus t i a t e c l  in L i ’ Sc f i u r es  n ave 
-

- - ‘ n al i r - . These  ~e c r - f l o e s  ot  cross sr c’tions r o n a t t O 1 ~’t ( /

ovc- r t h e  f u l l  an i t e l u o I l  ~- :-~ t ( ‘n t  01 the  h o a t i n - :  l e a s t  a d  b r e a t h c n n
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L i t 1  s t h r o u g h o u t  su cces s ive  cardiac  and r e s p i r a t o ry  c - - : c ] -s , 1 ~~~~~~~~~~~~ 0

ly ,  in i so la ted  p r e p a r a t i o n s  and in i n t a c t  b oos c 1 1  be v i ew e d  in
v a r i a b l e  t ime base modes r a n gi l l o  f rom s t op— a c t i o n  to r ea l  — t i  PLC .
Such d y na ~n ic  displays provide the capability for studying the spatial

r e l at i o n s h i p s  and i n s t a n t — t o — in s t a n t  changes  in  000mctry  of these
organs  and p e r m i t s  e v a l u a t i o n  of t h e i r  reg iona l  and in t e L jr a t e c i
overa l l  f u n c t i o n  in the i n t a c t  t ho rax  ( 2 0 )  -

/ -2-ormple s of how t h r e e — d i m e n s i o na l  images  can be d isp l a c -e d  ~o
pe rmi t  a n a l y s i s  of the s pat i a l  r e l a t i o n s h i p s  an d  r e g i o nal  d e ta i l
of icagc-  structures is illustrated in Figures 27 and 2 8 .
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Li i-- 27 ;-:—ray vid eo prO) ctiO1 irl i - of iso] at -b i’ttac~
c a n i n e  h e a r t  ( t o p )  c-.- l t  h coro :i rc- l~~ t cr i es  f 1 l ) / ~ r
w i t h  x—ra y contrant I:lat -uial , ar1 J 4 c r o s s  s- -ctic:o
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of heart (center) reconstructed at anatomic
levels indicated by brightened lines , and perspec—
tive 3—P d i sp lay  of coronary  a r t e ry  tree (bottom )
computed from x ,y , z coordinate posi t ions of
coronary arteries in 48 reconstructed cross
sections of h e a r t .

The top panel in Figure 27 is an x-ray  video image of an isolated

intact canine heart whose chambers and coronary arteries were: ‘ filled with cotton and barium pnste , respectively, prior to rota-
tion and digitization of four video lines selected for cross-
sectional reconstruction.

The center panel shows the recons t ruc ted  cross sect ions  at the fou r

levels indicated by the brig htened h o r i z o n t a l  lines in the top

panel .  The charac te r i s t i c  c ross—sec t iona l  shapes of the epi— and

endocardial su rfaces  of both the l e f t  and r i gh t  vent r ic les  at

- each level are accurately reconstructed. In addition , the cros s
sections of the coronary arteries as they traverse the myocardial

wails can be seen as bri ght spots (more x — r a y  dense)  at each
cross—sectional level. These arteries are approximately 2 —mm in

diameter near the base of the heart (upper—left cross section)

and 0.5 mm in diameter near the apex of the heart (lower— right

cross section).

The bottom panel in Figure  27 is a t h r e e — d i m e n s i o n a l  perspec t ive

line display of the  coronary t ree  of the heart  de te rmined  f rom

the coordinate positions of the coronary arteries , which were en c:ercd

into the computer using an operator—interactive d i s p l a y  and l i g h t

pen assembly, in each of 48 parallel cross section s of the hear t
reconstructed from its base to apex . By performing rotational

matrix operations on these sets of x , y ,  z coordinates , line re—

presentations of the coronary tree can be viewed f rom any o r i e n t a t i o n

in stop—action or d u r i n g  c o n t i n u o u s  ro t a t i on  to f a c i l i t a t e  s t ud i e s

of the geometric relationships of the coronary artery system.

C-
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Similar three—d imensional displays of the complete coronary vessels ,

obtained by entering into the computer complete sets of reconstructed

sections encompassing the f u l l  extent of the large coronary arteries

permits computat ion of regional  cross-sect ional  lumenal  areas of

these arteries for more accurate detection and quantitation of

regional stenosis or occlusions .

-t 4 Application of th ree—dimens iona l  boundary  su r f ace  detect ion and

three—dimensional  computer graphics techniques to three-
dimensional  recons t ruc t ion  data (21) provides the capability of
three-dimensional displays of solid objects .

The upper left panel in Figure 28 is a computer-generated

three—dimensional surface display of an isolated canine heart

which was determined by automatic t h r ee—dimens iona l  L ‘ndary detec-

tion of 30 reconst ructed c ros s—sec t iona l  levels of the hea r t .

The upper right panel in Figure 28 is a similar display of

the same heart  rotated 90°  and t i l t ed  forward 15° . The bottom

panel in Figure 28 is a three—dimensional gray-level surface

display of the same heart but mathematically opened into halves

to permit viewing of the structural detail of the endocardial

surfaces.

The capability provided by the video image dig itizing system

(12) for obtaining high spatial (up to 2,0 00 samples on each

of 250 lines per video field) and high temporal  ( 6 0  video fields

per second ) r e so lu t ion  measuremen t s  fo r  c ross-sec t iona] .  recon—

s t ruc t ion  of moving  organs  also permi t s  the stud y of the appea rance ,
mean transit and clearance of x—ray con t r a s t  subs tances  th rough ,

for example , th e myocardium with a degree of anatomical and

t ( 1 L ~/ r f l L l  p r ec i s ion  not possible by c u r r e n t  radioisotope techniques. 

- ---- ---- - -~~~~~~~~~ - - -~~~~~~~-—-~~ - - ~~~~~~~~--- - 
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F i g ur e  28 Cc-:- - p u L e r — ! e n c r a t cb  t h r e e — d i m e n s i o n al  g r a y — l e v e l
d i s p lay s  of i so la ted  i n t a c t  dog h e a r t  dr te m i ned
from 30 r e c o n s t r u c t e d  c r o s s — s e c t i o n al  images
e x t e n d i n g  from base to apex of h e a r t .

This c a p a b i l i t y  is ind icat ed  in F i g u r e  29 wh i c h  i l l u st r a t e s
the quantitative determination by dynamic back ground subtraction

of the spatial distribution of t i l e  c o r o nar y  c i r c u l a t i o n  w i t h i n

the my o c a r d i u m  of a p a t i e n t  u n d e rg o i n g  s e l e c t i v e  c o r o n a r y
ar t e r i ogr a p h y . T b -  compu t e r — g e n e r a  t~~r l c l i  f e r en c o  images  (4  r i g h t —
h an d  I I  no  i s )  of con tra :;  t ci is tr i b u t i o n  at the Sa;~n ’ soeci  f i c b an e  of

f our n ucc - n n ~~vc h e a r t  l i - I tc; w e re  o b t a i ne d  b-j s u b t r a c t i on , s a m p l e f~
sample , of 1 f n - d i j  i t  i ri arrays of the a:’tu t 1 v i  c / c o  I nia ien  (4
lob . t — h a n  I panels) , r -cor ded d u r i ng  aid fol  b . -. l u g  t h e  in j ec I an of

contrast i - i - i t  erial , f r o m  L i i e  digitized ar r a y s  of the  v i d e o  images
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• ‘~-~~-w  - t t - .-i 
~~u~~~t p~ i t~~ to Lh~~~ injection . Simultaneous I C C  ~~ f l 1 ) (~~~~ n- ~

on the  v ideotap e  a l lows  precise temporal  and p i t - i s  i c  in g s t r a  t i on
-~ between the p r e— i n j e ct i o n  video images  -~u id the  po s t — in j e c t i o n

video images which  are  sub t rac ted  to produce d i f fer e n c e  p i c t u r e s
at each poin t  in the cardiac  cycle t h r o u gh o u t  success ive  pozt-
i n j ec t i on  cy c l es .

.4 NGIOG RA M SUBTRACTION
lea f 

_ _ _

_
Fig u r e  ~ Y — i - a y v i r m e o  l i n e R - : - ; of h u m a n  b e - a r t  ( l e f t  coLa - n)
— —~~~~ - — -  - 

i/ cord ed a t  a i i m -  p h ase of ( I  i - i~~~~~t o l e  111 S l l / ’r ’O S S lV C

cii ii? i ic cy c le s  d u r i ng  select ive  co r o z i ar e  a n ;  i
grap h’f, and computer—generated differ -ric e

} I of the heart (ri mbi t colimrui ) d e n & - r m i i r d  by d y n a m i c’
brick ’~round subtraction f o r  t h i s  same : b ia s c -  of  t h e m
4 ca rd i ac  cyc l e s  b e f o re , l u r i n g ,  a nd I n ]  ] c o - i n m 1 f l~~~~ L

- 
- ion  of > :— r a y  c o n t r a s t  m at e r i a l  i n t o  t h e  l e f t  a n t c  : - or

descend ing  coronary i r t or y .

I~~~ l

_ _
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The display of the difference images greatly enhances the ability

to see the myocardial perfusion patterns of the microvascular
•1

anatomy and demonstrates the potential capability for quantitative
evaluation of myocardial ischemia and infarction.

By combining dynamic th ree—d imens iona l  r e cons t ruc t i on  techniques

with dynamic sub t rac t ion  techniques, the i n s t a n t — t o - i n s t a n t

regional changes in shape and dimensions and transmural per fusion
of the myocarclium (and other organ systems) can be accurately and

completely studied .

B. Physiologic Considerations in the Trade—off Between Temooral

and Spat ia l  f lc-so lut ion  for  Reconsi : m- ; c t i o n  of the D~m-emic

C a r di a c ,  P u l m o nary  and C i r c u l a t o ry  / -nato ;ny  and

Simul taneous  Func t ions

An ideal computerized trarisaxial scanner should be capable of

producing reconstructions of multiple synchronous parallel sections

in any desired orientation and encompassing the complete anatomic

extent of the structure of interest. These juxtaposed cross sections

should have sufficient three—dimensional spatial and temporal

resolution for visualization and quantitative study of anatomic static

and dynamic structural relationships to biolog ic fu nc t ions  of al l

macroscopic anatomic structures of interest including the heart ,

4 lungs, vascular anatomy and circulatory functional dynamics in all
regions of the body .

Since reconstruction images are projection images , they do presen t

ambiguous information due to superposition of structures or non—
uniformities in the axial direction , just as in conven t iona l  pro—

— jection images , in propor tion to the t h i c k n e s s  of the imaged
structure.
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The spatial and density resolution and precision of current corn—

mere ial scanners is impressive (22) , hut  only for stationary objects

with concomitant uniform structure in the axial direction and

uniform cross-sectional dimensions throughout and parallel to the

axial extent of the cross section. Since biolog ic s t r u c t u r e s

usually exhibit three—dimensional structural and dimensional varia-

bility the precision of their cross—sectional recon struction depends

on the degree of this variability . The significance of this limi—

tat ion depends upon the na ture  of the s tud y ,  i . e . ,  the geomet ry  of

the organ relative to the scan th i cknes s, mo t ion  of the o rgan , and

the type of i n fo rma t ion  which  it is hoped to d e r i v e  f rom the cross—

sectional image .

The present study was u n d e r t a k e n  to s tudy the possible  m a g n i t u d e

of the effec ts of these factors on the ability to measure the t rue

shape and dimens ions of biologic structures. The c y l i n d r i c a l

scanning , single source , dynamic spa t ia l  rec o n s t r u c t i on system

(SSDSR) (see Appendix I) was used to provide the data for mos t
of the results reported here. Constrained ART was used to recoil—

struct the cross-sectional Images from profile scans obtained at

thirty—five angles of view equally spaced around a circumferential

scanning range of 180° .

E f f e c t  of Thickness of the Section Scanned

Figure 30 shows a stop—action display from a video disc of a mono—

plane video roentgenogram of a u r e t h a n e  cast of the  m y o c a rd i u m  of

the left ventricle of a dog with the chamber filled with a dilute

Renovist solution (25 mgm iodine/mi solution) in saline . The

horizontal plane containing the central fan beam of the roentgen
f luoroscopic system is d e s i g n a t ed  by the b r i g h t e n e d  h or i z o n t a l

line midway between tile base and apex of the cast. The urethane

cast , which has the complex shape and dimensions and a roentgen

- -

t - 



r ~~~~~~~ 
TIiiT~ ~~~~~~~ iT;

-55-

~I - - n m  i ty  si :mil- .cr to the ]~~f t  v -n t r i c a l  a m  :- 0 r r ’ a r - H  . : i , 1 . 5  H i;  ~ V i i i —

Li ;e that it can be p h ys i ca l ly  SUce;. I i i i~~- :- -- .L t . i : 1 -  ~ a ra 1 L -~ ci r,  -

sect 1/ i l ; ;  a t  t he same level s  ( L 0 a JS  g l u c - - i  to s i ; r f a c - -  of cast  mR

these i r - y r i s )  s e lec t ed  f o r  cross sect ion r e c on s t r ui~’t i O i is .  l i / c

su n -a of t h e  G i s t  t I n - n  s -ry e  as t r u e  St  ;muiar I s  i- i i m i s t  - -.- i i i ch
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( c h a m b e r  F i l i e d  w i t h  R e n o v , s l  S o I - j t ; O f l , 2f mg I / m i )
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h i  re  30 A single Vire Or ()r :1 t ~~b e u l 0 r 1 : t iC  i ii ~~~.- . of  u r - H .  n-n
— - cas t  of can i n - - t e I t  ion  F 10.1 n - . t : I i~~~i: I - r f i l l -  - :
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r - i u ] t i p l i n i r  P u n  I r o - i l  ‘ sc n i 1 1 5 - j  f o r  m- u5~ r im - —
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Figure 31 illustrates the accuracy of reconstructed cross sections

of this urethane cast of the left ventricle , as de termined by
tracing with an operator—interactive graph pen the reconstructed

I : cross -sectional outlines of the epi— and endocardia l  s u r f a c e s  of

the left ventricular cast at 21 levels from -n base—to—apex , and
comparing the cross-sectional areas computed from these outlines

with those computed from pianimetry measurements of tile ep i— and

endocardial surfaces of tile corresponding actual cross sections of

the cast. The mean difference between outlines (shapi:-s) of the

actual and reconstructed cross section s for all lev e l s  was 0 . 6  sni

+ .39 mm for the epicardial surfaces and 0,83 mm + 0 . 5 9  mm fo r  the

endocardial surfaces. An actual slice of the cast t aken  f rom

its central portion and a reconstructed slice determined near  the

same level (indicated by brightened line in Figure 30 ) are shown at

the top of Figure 31. Correlation of the areas dete rmined from

the actual and reconstructed cross sections were v ery good as shown

in the regression analysis plot at the bottom of Figure 31. Accuracy

of chamber volume and myocardial mass were determined to be within 
—

5% of the true values , tile major limitation responsible for the

uncertainty being the 1 mm2 size of the individ ual p ix e l s  in the

array which constitutes the image ( 2 3 ) .  S imi la r  accuracy  of recon-

s t ruct ion has been shown us ing  other test  objec ts wi th bath  s imple-

and complex geometr ic  c o n f i g u r a t i o n s  ( 2 4 ) .

The effect of the thickness of the scanning plane is illustrated in
Figure 32 which shows comparisons of 0.3 mm thick slices (1 video

scan line) and 10.2 mm thick slices (17 video scan li n es averaged

together) at three levels ; 10 mm above the  c e n t r a l  p lane  ( top  p a i r ) ,

‘ at the central plane (center pair), and 20 nun below the- c e n t r a l

plane (bottom p a i r )  of tile v e n t r i c u l a r  cas t .  The ana t o mic  s i tes

of the d i f f e r e n t  levels are i n d i c a t ed  by b r igh t e n e d  l i n e s  on the

v ideoroen tgcnogr aph ic  p r o j e c t i o n  image of the  u r e t h a n e  cas t  on the

left. At the upper level both ep i ca rd ia l  and ondocar dial  s u r f a c e s

i~,A



TTT T ~~~~~~~~

I 
are coinc identally uniform and nearly perpendicular to the scan
plane. For this reason accuracy of the 0.3 mm t h i c k  and th e

- 10.2 mm thick slices are very similar at this level.

CROSS SECTION
- Cast Røco ns truc ?od

H 
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. Fi gure 31 Comparison of actual and reconstructed cross—

- - sectional images of urethane cast of left
- 

-: - vent r icle (t o p )  and of ep i— and e n d o c a r d i a l
- areas of ac tua l  and r e c o n s t r u c t e d  cross sections

of cast  de te rmined  for  21 levels f r o m  b a s e - t o —
-~~ r apex (bottom).
-
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E F F E C T S  OF A X I A L  V A R IA T I O N S  OF L E F T
V E N T R I C U L A R  SHAPE AND SCAN S E C T / O N  TH I C K N E S S

ON CROSS-SECTIONAL RECONSTRUCTIONS

Scan Sec t o n
T h i c k n e s s  0.3 I 0 . 2 m m

_ DD
- _ _

Figure  32 X — r a y  video pro jec t ion  image of u r e t h a ne  cast
of l e f t  v e n t r i c l e  w i th  t h r ee  super imposed
bri ghtened lines at levels selected for cross—
sectional recons tr u c t i o n  ( l e f t ) a mi d  two sets
of reconstructed cross—sectional images
determined at these three levels for scan
thickness of 0.3 mm and 10.2 mm , r e s p e c t i v e l y
(r i g h t)

h owever , a t  the cen t ra l level the ep i cc ir dia l  i l o i l b n i  b 0 0 0 m i e s  less

distinct in ti-ic thicker 10.2 mm slice. This effect is most notice—

able in the lower right and upper central segments of t h i n ’  endo—

cardial surface . Also the difference b e t wee n  t h e  position of tile

endocardial border  in the lower right q u a d r a n t  of  t he 0.3 mm and
10 .2  nun t h i c k  sl ices is most  marked , w i t h  th e  d i f f e r e n c e  a p p r o x i—

mating one—half the wall thickness. In t he  r c a i o n  20 mm below the

cen tral plane both the epicardial and endocardial surfaces arc not

H
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perpendicular to the scan plane. Therefore , the axial projection

of a thick, 10.2 mm and a thin , 0.3 mm slice differ significantly

at this level. The endocardial border In the 10.2 mm thick section

is considerably “out of focus , ” making de t e rmina t ion  of the t rue

shape and dimensions of the left ventricular model at this level

impossible when using such a thick scan plane.

These results are particularly important for cross—sectional imag ing

of the heart In the intact chest since the base—to—apex a:-:is of the

ventricles is normally at an oblique angle to the long axis of

the body which would c o n v e n t i o nal l y be perpendicu la r  to the scan-

ning p lane (s) of a computer ized  tomographic scanner .  Hence , the

epicardial and endocardial surfaces of the heart will usually not
be perpendicular to the plane of reconstruction , further requiring
that transaxial reconstruction slices be as thin as possible (1 mrii)

to permit accurate measur ements of the shape and dimensions of the

heart. In addition , simult aneous muitinle parallel cross sec tions
are needed to determine the t rue  th ree -d imens iona l  shape and dimen-

sions of a moving organ such as the hear t .

To study the effect in reconstructed images due to motion of the

object during the circumferential scanning procedure , a mathematical

test object was contrived. The simulated test object was a cylinder

7.62 cm in diameter with groups of one , two , four , and eight milli-
meter triangular serrations (to simulate trabeculae carnae and

papillary muscles) inserted at 90° intervals around the perimeter.

Parallel projection data was mathematically generated for the

simulated test object at equiangular increments of 1.8° over a
range of 180°. Random quantum noise to simulate the photon sta-

t istics of the SSD SR was in t roduced  in to  the  p r o j e c t i o n  d a t a  a s s u m i n g

an inc iden t  x — r a y  count  of l0~ x — r a y  pho tons  per sampled ray  ( 1 6 ) .

These mathematically derived projection data were used to reconstruct

the test object shown in panel  A of Fi g ur e  33 u s ing  a p a ral l e l

‘3 
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con--i o lu t i on  - i l ij o r it l u n  w i t h  a 150 x l~~0 picture ei cn: nt uni tm i :- :

(p i x e l  s i ze  o~ 0. 7 mm x 0.7 mm) . The 8 mm ( u I - ; c r  r i gh t  gaa - . r a n i t  V
of Panel  A)  , 4 mm (uppe r  l e f t  q u a dr a n t )  , and 2 mm ( l o wer  l e f t

quadrant) serrations are a l l  d ea r ly  v i s u a l i z e d  in t h i s  r e c o n s t r u c—
tion. The location of the 1 mm serrations (lower r i g h t  q i a sr a n t )

can just be seen but  the s e r r a t i ons  canno t  be s e par a t e d , p r o bab l y
because the p ixel size of the recons t r a c t i o n  is n e ar ly  the  sane as
the s ize  of the s e r rat i i o n s .

( M a t h e m a t i c a l  S i m u l a t i o n s )

NO M O T I O N  R O T A T I O N
(l ’ .62 cm O ij m e f e r ) ( 5 O ~~ 3 6 °)

T R A N S L A T I O N  R A D I U S  C H A N G E
( S D n l 6 ~~~~ ) ( S D ~~~2 8 ~~ m )

J : j m u~~ 3~ I d -c on s  tr uc ted  i n s u r e s  of simu Ia t - -d c c li  ndri c i  1
— 

t i - S t  oi j i - c t  sh ow i n g  i r t a  f i - ’t s  causi ’ni 1 ) . ~1~~ t i 0 -
d u r i n g  I h O  scanninu ~rocc in m r - . : - ; a t l a - r - ~ i t i c a i 1 y
derived pr o  ~e c t i o n n  d a t a  of the  s i m ; m l c i t -d
7.62 cm di m e t e r  p - :-: i g la s s  cy l i n de r  with
8 , 2 , 4 , and 1 mm t n  a ng u l ar  s e m r a ti o n s  i n
equ i sp a c e d  gro u s ar a nd  t h e  p - - r i m - - t m \- ;- re
used to obtain ri -co nis t macf i o ns  ~..- i t h o ’n t  mo~ j i m
( pan e l  A) , w i t h  r o t a t i o n a l  m et  ion ( i a m l ~~1 8 ) ,

w i t h  m i n s l a t i on  m o t ; o n  (p a n e l  c ’)  , a n m  radial
m o t i o n  ( p a n e l  D )

______________ LA d
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This image (panel A) reconstructed from mathematically accurate
projection data serves as a reference against which the other

images in the montage can be compared for  image degrada t ion  due
to motion . The effect of a random rotation around the center of

the cylinder (as occurs in the heart during certain phases of the
cardiac cycle) during the scanning procedure is illustrated in

panel B. This effect was achieved by substituting , at each ang le
of view , mathemat ica l ly  derived p ro j ec t ion  data r a n d om l y  selected

4 to be at a greater , identical , or a lesser angle of view than the
correct angle. The random variations in the angle of vie’- at each
viewing position were normally distributed with a mean of zero and

a standard deviation of 3.6° resulting in a movement of up to 2 r~:m

at the periphery of the cylinder. The smooth round perimete r of the

reconstructed test object is very well defined as would be expected

with motion tangential to this surface. However , the 2 rmi and 4 mm

- 
serrations are obliterated and a faint shadow of the 8 mm serration

is just visible. With no prior knowledge of the shape of the struc—

ture in this region, a t rue  de te rmina t ion  of the d i m e n s i o n s  of the

cylinder would be difficult.

The effect of random two-dimensional translational movements (as

occur during asynchronous respiratory and cardiac cycles) of the

cylinder in the plane of the reconstruction is illustrated in panel

C of Figure 33. This effect was achieved by randomly s h i f t i n g

the projection data at each angle of view.  The random shift was

normally d i s t r i bu t ed  w i t h  a mean of zero and a s t a n d a r d  d e v i a t i o n

of 1.6 mm . This caused a sig n i f i c a n t  loss o f d e f i n i t i on of the

smooth surface of the cylinder and failure to reproduce the 2 mm

and 4 nun sc-rrations.

The effects of random radiu s changes ( t o  simulate sl igh t  c h a n g e- s  in

ventricuJar volume during brea th h o l d i n i or due  to slight sinus

arrhy thmia) , is shown in p a n e l  I) . Thi s e f f e c t  was achieved by

compressing or e> :panding t 1: - p r o j e c t ion  da t a  w i t h  scal i r i g  about  t u e
- 

I 

- center p o i n t .  J i m  - magni t u d -  of t i m  r ad i u s  c ha ng e  was n o r m a l l y

distri buted with a mean of zero arid a st m n d a r d  deviation of 2.8 nun .

I - I . -

il-i
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There is a signi f icant  loss of definition of the smooth boundary in

the reconstructed image although the 8 mm serrations are clearly

visible. The 4 mm serrations can be detected but are not well

defined.

These studies of thickness and motion artifacts in reconstructed

cross—sect ional  im ag es us ing actual  and s imulated tes t  objec ts

indicate that the sing le or dual slice scan mode of all currently
available commercia l  scanners  coupled w i th  t he i r  poor ter uora l

resolution severely l imi t  the app l i ca t ion  of these  scanners  to the

study of the structure and function of s iev ing  organ systems such as

the heart , lungs and circulation . Eva-n if adequate single cross—

sectional images can be generated using gating techniques , the

d i f f i c u l t i e s  associated with accurate p o s i t i o n i n g  of the scanner at

multiple parallel levels in relation to the organs under study,
especially the heart , will be difficult to overcome because of
motion of the s u b j e c t  or motion of the i n t e r n a l  organs  of the bod y .

For these reasons , h igh  temporal and a:<ial resolution synchronous

cyl indr ica l  scanning  is p r a c t i c a l l y  a m a n dat o r y  requirement for

accurate studies of the structure and function of the dyn ;miic

organs of the body (22 ,25).

Summary and Significance (Part II)

The development in our laboratory of a single source computerized

-; x—ray fluoroscopic system (i.e., SSDSR) for timr e—dimensional

reconstruction and display of moving o rgans , p a r t i c u l a r l y  the

heart , lungs and circulation , provides the potential for studies

in intact animals and humans of the dynamic anatomy and associated

functions of moving organs in ways never before achievable. This

is because up u n t i l  the  deve iop~~ent  of computeri ::ed t r an s~i x i z m l

tomogr aphy there  was no t e c h n i que c~m p u h i e  of a c c u r a te  d e ter m i n a t i o n

of the true shape and d imens ions  of tiiese o rg a n s  i n  intact animals 
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and humans. Three-dimensional reconstruction techniques can be
applied to intact animals and humans in a variety of post ures

(e.g., prone , supine , right and left lateral decubitus positions)
and under conditions of increased grav itational•-inertial stress

for heretofore impossible investigations of tile relationships of

the dynamic three—dimensional structural geometry  to the physical
and. biochemical  f u n c t i o n s  of both moving and s t a t i o n a r y  organ

systems.
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I N I ]  TO! ) iH T I t ON

The t h r ee— d i m e nsi o n a l  ana tomic  d i s t r i b u t i o n  of t i s s ue s  of d i f f e r i n g

dens i t ies  w i t hin  the m u m  bod y can be \Tisual lzed  by cj o n e r a t i m l g

images of m u l t i p l e  pa ral l e l  cross sec t ions  us ing  the t e c h ni qu  of

co :-m~~n t c -r— a s s i st e d  synch ronous  c y l i n d r i c a l  scann in cj  t C l u O q r a I ) I T y

( Joi s  a n , cC aT . , 1974 ; La -Oh , et a- i .  197-I ) . Exi st~~nq Ccci)sutcFiZed

t ran s ;  x i - i 1  ton e r a p hi  c m ;y s t e ; m u s scan  one or to-,’o cross  m:s - c t io i : s  at  i

time nail have o t her  opera t-. i o i i a l  r es t-r i c tion s  i-:hich s ca-e re ly  lin it

use for th ree— dim ens ion-a l rc c on st r u c t i on  of r io-sing org i m s  or s l i s a -  I m a - e s ,

especial ly the hea r t , lungs  a-nd the c ir c u l a t i o n  in al l  r cq ion ; of

the body . Prila-Trily , t i i c s o  l i r n i t a t~~ons ( R o b i ns on  1 97 5 )  cons~ cC of

the d uration of scan reqiu.i red (generally qre i tar tha n 5 se c o n d s)

per c ross section im aged , t h i ck n e s s  of the cross sect ion  ( o f t e n

grea ter than 10 m i i i )  a - ITO need to ac a - I m a m i  .i c a l  ~1 y m ono o i L I e r  the ; t i o n  t

or tile scanning a-ss - m n b i y  to image parallel cross sections . These

cons t r a i n t s  pr ec lude ef f e c ti v e  “stop—action ’ (-.0. 01 sac) ~i i a - j  i m m  of

a t h r ee — d i m e n si o n a l  volum e conta in  i .nq  a m u - v  ~nq L i l a - n  s i m a - I m  as t h e

hear t , l u n g s , or f l o w i n g  b] .ood. Op t im a- i r a - c n n t su c t i on  of  the

intact thora-;- : r eq uir e s  i l a - m g  fl~~~ of i ts  f u l l  ml na tanuic ax_ i a- i  a; i t r a n s —  -

-

verse  e x t e n t s .  C o i i n e q u -  i l l : ]  
~~
‘
‘ 

the  a ~ts of — :— r a v  ~ r o )  - - c i  ion ‘

f i l e s” at: each m i n g l e  of vi i- - s hou ld  covi: - a-n a - i n -n  of i t  .1 s - i  i t :  3(’ >;

30 c m i  to i n c l ud e  a l l  or a- :~;a o r p m r ~ i s : i  of l ; m o S I  ciic’ m t a;. J~~~ a - a - -  ~ T e l

and i d e a - l i ’> ,  C l ue  I c i’ l )t : q C ! I i  d e n s i C y v a l u e s  of t i m e  p r o j i - c I  l O l l  1m i l - i q o c ;
)

r ( o) Jed a- I: ca-eli ;umg i i  o l  V i e w  should  l m i ’ .n - a - m y  ~ua- te l~~~d - i  m i t  i n it’1’ i i : ;

,. 1
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s ign a l— t o — n o i s e  c har act e r i st i c s  to p a n - u t d i s c rim i n at i o n  of roentgen

in Le n s ity  d i f f e r e i i c cm s caused by a cli ;i i iqe of x — r a y  beam cm t t en u a  U c m

of 0.11 % or loss (see Ri tman , et a l . ,  thi s v o l u m : c ) .

A prototy) e x — r a y  ~m ag1Iuc J  s ys t e ms  I5 -~ 5 0 0 5 1 1  cIcS~~gne d  and f ab r i ca t ed

to ;m c h :  ova the i m i a - g ing specii :icat ion s  r e q u i re d  fo r  r e c o n s t r u c t i o n

of the three—dimensional distribution of r o e n tge n  d e n s i ti es  with-

in n i l  or a m a j o r  Por t ion  of t h e  tu :an a v c rse  and  cepha losmiu da l .

C ;-: t e n t s  a i l i e  t h o r a x  and at f r e q uen t  in  L a r v a - i s  of t ine  t hr o u~~hou C

individual respiratory and/or ca rd iac  cycle s .  The sy . st cu  g e n e ra - l o s

convent  ona 1 roen tgen  V iOCC f lu or o s c o p i c  images  for  d i r e c t

v is ua li  z :mt i on  and recording as well a-s d i r ect  h i g h  fi d c iit ’  o l i — l ~~f l 2

analog—to—digital conversion of a raster of t ip  to 1000 d i s c ret e

values  covering the 1-iorizontal  e x t e n t  of ca-cl-i of cm m a ; - : i r n u T  of 2 5c m

l ines  per video f i e l d  ( G i l b e r t , et a - i . ,  1976;  H ob im , cC a l .  , 1973)

at eacli “angle of view ” around the m ; u b ) o c t .  Lion these cia-ta up Ca-

250 pa r a l l e l  a d ja c en t  c r o s s —se c t i o n a l  ~m n i q C s  a - an  be CO ;T ipu Cccl . T 1m ~

thickness and spacing interval of cact i  eros s secf:ion is ab o u t  0. -~

and 0.9 nun , respectively, w i t h  a p ixel  r e s o l ut i o n  of 250 x 2 0  a t

each  of the 250 lcvcl.s (Johnson , et a-i., 197-1).

Each of these 62 , 500 p ixe ls  de f in e s  a f in i t e  a - r i-a - d c - m m - n i  c - n  t he

sur ilacc of each eros’; sect.:L e- m 1 Si ilr’ C Ca -c l )  c ross  sec t ion  is o~

f.i ni to thick imin :-; a , each p i :-: - ‘1 a- iso r - p r e s i - l u  t m  a f i n i t ; :  vol mim e  el-~ - -

i . e. , a vo:-c-l , in each cross s - a - l i o n . ‘iho t ot al  t h r e v — d  imuen s me m m a l

J

~

, . --— ~~~~~~~ ~~~~~~~~~~ .~~~~~ ., . ~~~~ -~~~ -- -- ~~- - — - - — - -
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reconstructed array of voxel x—ray  dens ity  va lues  of , fo r  exa-l i lp ic

tile entire thorax , provides the c a pab i l i t y ,  w i t h o u t  sequen t i a l  scan—
I

f ling p rocedur em ;  , of computing  sec t iona l  i m ni e s  w i t h  as w a -n y  d i f —

ferenL orienLations a-s desired in rdidtiolm to t he  body axes (e.g.

sag i t tal , coronal  or o ther  sec t iona l  or i n t m t i o n s )  in addi t i on

to t he  t ransa;-: ia l  sections reconstructed from -i t he  o r ig in a l  scan

(Hobb , et al . , 1 9 7 6 ) )  . T h e  needs mi n d  1-g m i r c m - l e n t  s of a -u a-il  elect-

ron ic  c y lin d ri  a- ;m l scanning assn:nL-ly to a - c - m i l l  i re al l  I in: I l ec d lm ; sml  1~~~~~

data w i t h i n  0.01 sec and wi t h  a m a x i m u m  r e pet i t i o n  r at e  of 60 cy~

l~~ncir ical scans per second have been descr ibed  elsc -c- .- l m n r m ;  (Hit:; a - m n ,

et a-i., 1975).

!- 1ETI1 !)

A scl:emat:ic of the pro totype  1mag~~ng s y st e m  is provided in Fig. 1.

The x—r ay pulses generated by a conventional roLciting—anode x—ray

tube ei ther  pass th rough  the s u b j e c t  and are a t t e n u a t e d  according

to th e in t ecj ra tecl  roenLqc-lm d e ns i ty  t h roug h the s u b j e c t  or pass

a lonqsj de  t h e  s u b j e c t  r en i a .i n in q  e s s e nt i al  I y u n at t e n un  Led .  The

r e su i l t :in g  x — r ay image is p r o j e ct e d  on to  a 30 c i i  x 30 d’l~ f l a t

f l uor o s c e ni : n cmrcen a ft e r  j ’~i 55.111(3 t h i r o u c j t i  a f O C l l O C C m  , 85 l i n e s  per mm

15: 1, co il it ti~ yr 10. Tin -  f l u c r casio!  i t  m cI - cia -n .i a of C l u e  gado—

linica--; dioxvsulphide l i  ~~~ urn - i a-I iva t ed  (Cci 2O~ S: ‘i’h ) t y p e  selce Lcd

for low lay, F ‘ -i noise  a -n i l  h i g h  s — n - i  y —  Co—i i g i l  S c o n v e r S i O n  U 1cm c m m c y

In add ii: .1011 , th e 1 i ( j h it  O U t  p ut  15 p1 ( - ( l cmi ina -  111: 1 ‘
~ 

mon oc l ;ru m : ia  t ía- at
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appro;-: ma Lely 5-1 0 nanomete r s  i-Ou ch iS pa-i L i cu l ar l y  C u ) m v u n ~~en t  in

Ol)jCCLiVCi lens des ign .

g. 1

An f/U. 95 50 mm focal length oh ccti\- 2 lens (f / a .  75 50 au-i lc;m~

will he utilized when it l a - c a m - -es a-va-i labia) is ;cn-~I L a  f o c us  t i c -

fluorescent screen lmage onto the input photoelectric surface of

a m agn :mt :i ca l l y focused ima ice i n t e n s i f ier .  The objective l e n s

m i n i fi o s  the image  to pr -: lua - s -  a 20 :-: 20 1;;: i r m m e .  in a-n 0a5 -: i -l V

in which  the  obj  ( m i T  t ive  I em IS and  image in  U:- uc ifier a r c  pus i t :  i m m i c -i a t

r~~ght: angles  to C i i i -  f l u o i e:- ;c e n t  s cr e e n , a dl chro ic  e rr o r  i- -a-s f o u n d

to be tile 0113 V suitable mirror . Opt ical . COai : in ( ;  of al l  objec  Cive  l a -n a

~u r face s  was required to r~~Ouc e sc-otter and n iaxir l ize  t r a n s -m u i s s i on .  Ill

add it i on  the inner s u r f a c e  of the s t r u c t u r a l e n c l o s u r e  h o u sj ag  C u e -
objective lens aiud mirror had to be baffled ‘.-;itlI iiqht t raps a-nd

pain ted  Wit i)  h.i g h ly  ab so rbent  p a i n t  ( N a - a - t a - i  V e l vet  C o a t i n g ,  3i-~) to

reduce the  noise  produced b’ l i gh t  r ofle c  ted bac : f r o m  the  a I lC iO su r e

onto the f l u o r e s c e n t  screen .  - - -

Ti m e image i n t e n s if ie r  am p l i f i e s  l igh t  m C n a l L y  by up to 50 , 000

Ci 1:5 s whi le  m a - i  1 I t ~:uiJuiIu J mm 1:1 n i ;m q i i i f i c a t ion a t  the  o ut p u l  p lma sp Ior .

The two—stage  m a q m a m t i c ~ii  1> - f ocu :-:eJ s ys t e m  h i —i cm a 1000:  1 d y n a m - u c

r c m l m g e  and ii 1q11 s l q n c u l —  t o — n o ;  ~~~ci r a t i o  (L C ’ A Ii i  a- -:t r o — f l ~ ti cs I ll;;ji;oo;:

197-I) . ‘l’J - ~ a - c - n y  b r i g ht  ( ) m l t p n t  i ; m - i : ~~: p m - rm ; i I In - ; t h e  use  oi cam :- ’::—

d ali y ;i i a l l;ib i .e  r e l a y  l t - i i ~~es fo r  I O C i u m l l n !  I. 110 i : : i - ; : ’  i -m i :  1 1:1

i: m u i i lication (into i l i l  hoLec~i C h c h c -  ol d i m  m m  L l ~~’ 1500011 L e l a v i  : 1011

J o C k l l b )  L t i t -  w i t h  V O t~~~ i it J : i ( )  V i g n e t t i n g .  

-.---——. -.——. ~~~~~~~~~~~~~~~~~~~~~~~ — - - — -- ---~~-— -——---- -- ---- -~ -
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The image isocon (RCA E le c t r o — O pt i cs  h l a n c i l - cn: 1: I t l 7~ ) v ideo  camera  u - a - s

se lect ed fo r  i t s  l u i g h  s e n s it i v i t y  a-nd d y n a m ic  ra a ~e ( 1 0 0 0 )  i u i  o rde r

to n un tch tile c lym ::m:-:i c r an ge  of the  I macjo u - i L s - n s i f i .  or . Th o i i ’u a q c m

isocon opera tes  in a 525 l ine , 60 f i c - i c l—pc r - - . snail  f o r mat .

A d c i i t  l e m m a - i  f a v c r a - l m i :; f e a tu re : ;  a re  tile low “l ag  TT ( H i t m r : i n , c- C a - i .

197 0 ) , low noise , a b i l i t y  to i nt e g ra t e  Clue  t a r g et  fo r  a t  least 2

seconds (no rm a l ly  1/60 second)  to inc rease  C C : -  “ sc in a it i v it  “ , to

“ zoo:: in ” to sma l iCi c e nt r a l  portions of tO- - i w a - c i e  a -nd  to Cob ra  Ce

ver~’ Is iqht: i)ort:LnhIs u- :itlui .n time iu: mgc (du o  to  “ m u m ” b o a - m m  p i s s i a - g

alongside but not  th r o u g h  L i m e  t h o r n : :)  i i  thou I. loss of Cl:  c i : n a - m i C

range  and signu i l—to - -no ose  i-:ith the image of Cliii  t : h omn

Tile image I socon cia-vice  a] so ha-s Clue ab i i :Lty to r e t a i n  1 n I - a - r i  ty  i i :

r egions  of the irma -ge  i l lu r n in a  ted a t  :- :—rn y i n t e n s i tie s  \Slu ic i :  ~:rfl i i ’ : a -

out put  s igna l:;  I --elo ;-m L i m e  “ m m m c c ” of t he  c h am a -u m : t e r i s t i c  l - v : a - i m t n e s s / s~~c m —

na -i. ou [pu t :  cu rve  whi le  s i m u u] t a n e o u s iy  a po rt lon  of the x — r a y  i; ia -qe

in t e n sl t y  exceeds the  lii ear iCy  rang-a of the COOL ’ SO th at  mm por t ion

of th c  scene is im aged beyond the  normal  ope-~ n tins rang c- of the

camera (sc -c m F ig .  6)  . This  cap i b il ity  is p a r t i c u l a r l y  i m i p o r  I a n t

because Clu e f u l l  1000 :  1 dy n n m i c r a nge  of t h e  :i ; ’mog ing c i a - t in  can b-a
-i

u t i  .l..ised for  im ag i ng  the  a-na -  t o m m i e  s true Cure of interest (c- . g. , h- - ou t: )

when 1-cn: t :lon: ; 01 he: i mn cj c -  g - u u n m a -  ted 0’. ’ u n a - t t - : - n h i n U : d  m a - -.’ ’ > :— r a ’  h - u i

i m ag e  are  i l l i. -:: n ti rm m i ;i l i V mill ’a- -;i -d La a m - n a - m r - i  I I : ~~ “ C a - i - a - ” a~i C l i :-  Ch - T I- —

a c t  er i . s t  m c C U~~V C  of t he  i i u a -g i i i~; c l i - m i : i .  T h i  a p r a c l  ia-cc U- ;-; ; :

cli s c r i r m i m i m i t j on  c~ ;-:—r,o~-’ i n L e n r i  t y  O i l  iei a - n r a - : ;  c l ow n t o L i m O os-Ions

of I u a r J n i  l i u d e  of Cii - u n itL eniu r tc-d ‘ r~o-, ’ Is  am a -n h  t L - r , lj ’’ co r r e s j - m m ; : —  —

~ :j ~ i n y l y  . i n c r c u m m c i s  t h e  j r t s d i i i  0, - n i : ; ;  1 -  r e m ; O ]  m i t  i r : m  o Il  I C  c i a : ; : ; —

a ct ioni m b i m m i qe  c i t  L i e -  a t i  u c t u i  ~- o l  i i ) l ( - u i - S L .  f l ~ci i c - c e : i ; t r U c t  T i

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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lmages  ob t aj i n e d  fr onui  th is type  O~~~ sea-ne mncj arc : : iul:j  oct to sam e
distortion confined n: -:; lor ly  to [ I n -  r eqion  of str :mmm ii; ‘al l : O : - I c r s
a t  wh ich  very  la rge  ch anges  1:; a -— r a y  d m a - m i C~’ occur  ( e . g .  , 1:1; : ex—
t e r n - m i  s u r f a - a - c -a of t i le thuor a ; - : ) and :- I u i c h  h a - - ’e no a; -; ~: ; r c n L

si~j i i i f i  c an t  c f fe ct  on t he  q ua - l i t - ’-  of the r u - n a n s L r ; : - ’  C ion  of I: ;—
t ;crn:ii  s t ruc tu re s  (e .g . , the h ear t )  . S - m a - c c  :‘- s f u l  mm - : e o c i m, t o o
correction of this type of cli :;Loi:  L i o n  i :ive - c - m m  i n - : 1 c n -  T m L e h

(R u e s g c m cjcjer and R i t n i l m m l l , u npu b l i : :]  i - h  cia L a )  .

- - ~~~~~~~~~
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LL~
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N o r m a l l y  tile v i d -  :a- iunacje is r e c o r h r - m i  on video t a -pc , s top —ac  Li on

video dice or is converted d i r e c t l y  fr a :~- :m m ; : : l  e q — t o — d i g i t a l  f o i a -~i

for s to rage  in the coruputel:  (! ;obb , cit a L .  , 1973

‘J i m ’ - efficiency of t i m e  imag ing abe i i i  I a- do; m ist a-cl }--- :  t r mm c i a - c; m m S in g]  c:

x — r a y  e! :mmto n th r o u g h  t ino  m ; y : ; L m - m  a-s s l a - - : - : n ;  in i-~i0. 2.  ‘hI m - : - abnorpt:io:m

of LI ;; :  f tuor e sce-nt  screen ic; app ;: cc :-: ; ma t o]  y 5 ( i C  (P  I : um i i  a-nc] Poa-q m m n :

1 9 4 5)  :0 that  if Lu-mo x—ray photons are i n - -  i c i e : I: on tb-c m a - r ue 1 onl y

one u -m i l l , on the average , be a b s o r b — - ’ l . lf  the  :- :—r a ]’ cc’:I I i n n uu s

ab a-c t r u mu , 1. cm • , t he  bremsa t ’ :ah iung  e n e r gy ,  i s a n t e : ;  ca tch  m::: -~ t h e

pho tons  a-re  no rm: - ; ml . i zed to 70 key ph oto :; :- ; , at n : : - c n m a l  fluc ’r oc :copic

levels ~n i i ’ ]  a -— ia -my to I luoresc-en C screen u I :;t:a noes , 0 1 m m - i s o ‘ - mn ;;  10 be - -

a-pp ro:- :i1u -n Ce ly 2 x photons  per 2 i a - C l O d )  C ann  the a;::; tomic

stru- :  Lure 1-al : second .

_ g . 2

One of these  70 1mev pho tons  absorbed Im y tile screen u- .’o:m i i  proclu ’c’e

appro:’: :nm;it o ly  5 , 000 l i g h t  photons  ( l - ;t u rmn and I-l or cI anl  1 ia 9 )  , o f ’ 1~’ I m i c  1

50 % wool ci ho u s e f u l on the.  ca -m :tc - ra  Si (10 of L i m e  a - c r c - e n .  The e f f i c i- a s

of the  :;p- -c i al iy  coaLed obj  mmc tive lens , 50 i o u  f o c a l  l c : : i ; t i m  f / U .  75 1::

0. 2% , there fore  m m a j ’r o x i m n  Lc - ly  .13. 5 ~1 I a - h O  p h o t o n s  woul ci b-c p r o j e c t - -c

ont o  LI ;; :  i n p ut  1 ; l i a - t O a -  I e c t : r~~c su r f a c e -  of t he  i m - : e 1n — i n t : : : ; :; i I i e r .  TO

o f f  i c m i a - ;n r :  of L h i  s s u r f a c e  is i i ? -  — so C li i t , t h i s  one x — r a y  p h i - C o n ;

absorb  ( I Ia -,’ l h ; m  sc : n e u n i  } ra - - :a - :c ;-s  1. -~ p l ; o t  0 e l e c t r o ns .  i ’ i - - u : e f - - r ; - ,
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t h i s  becomes the u-mc -m k c ’st :  l ink  in the cha in  since f r o m  tint a p - - l i l t

on , the plmo toelcctro:m:; are accelerated to i m p i n ge on a t h j a s i m h n o r

p r o d u c in g  a large inc rease  in l i g h t  pho tons .  In f a c t , t h i s  in-

t e n si f i e r , togethe r  u-:ith the im : m i cj e — i s o c o n , is n or o m m i l y  used ~-~i th  a

ga in  of a-more t han  25 , 000 in ec ju ivaien t  li gh t  in ten s it y .

~-~hmi t, does Chi c ;  mean i n  terms of televis i  c m i  sys tem p er f o r man c e ?  Siaa -e -

each p i c t u r e  is viewed by t ime  tele’- ’ision canmer a  t a rge t .  at  60 t m ;es

(i.e. , f i e l d s )  per second , tile a - — r a y s  in t i m e  raw bo a-Pm ( i . e .  , 2 c: l9~

per second i ei: mm 2 ) in th i s  u n i t ;  i.s r eclum-: ;eci to about  3 . 3  a- iO~ x — r a y

photon per f i e l d  per mm 2 due to th is  shor t  exposure t ime a m i d  the

increased x — r a y — t o — s u b j e c t  d i s t ance  as shown in Column A of [-‘1g .  2.

Since sOfll e reg ions  of the t h o r a x  ( i . e  • , the h e a r t , spine , a-nd ci ;  - i t

wa-I 1:;)  absorb p rac t i ca l ly 99 % of t h i s  r a d i a t i o n , th i s  reduces  to

3.  3 a- l0~ pho tons per f ie ld  or exposure  per mm 2 shown in Col cur ia  B.

T l u c -  number  of photons  imaged per u n i t  area can be inc reased  if t im - u -

m i n im a l  mir e -a of in t er e s t  is inc rea sed .  Thus , by averag ing  t Im e i n u m i q - c  -

•
1 s i g nal . f r o m  -~ micl j  a c e nt  video 1.1 ncm s (h u es about  1 mm a p a r t )  w i t h i n

the image a-ppro:- : im iom Lcs iy  a- tu - :c-—fol d ia-cl  sm scm of sicji a l — t o — n o i s e

(i  r • , ~~~~~~ ) ca -n  I:-  - achi :  :~‘c m h .  The v a l i d  ity  of t h i s  approach  depen d ::

on L i i - : - “ inc lopon c lencn ” (1. e. , st a ti s t i c-a l  n a - L u r e )  of the  noi  se in

t i n e  i ma-ge ch in  i n  ou Cpu C s  i gnal

1111 ----- - - ----~ - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘- - - -
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The statistical nature of the . inu - :mqi n q  d ma -in noise ha~ l ) :-e I :  v e r if : i  ~-J .

Averaging of signal cia-ta samples , either ta-mOo n at successive p o i n t s

in t i m  me f r om t i m e  same po in t  in the  image , or fr c a -  contiguous regions

-‘ 
- in a u n i f o r m inca -ge ob ta ined  a t  o n m o  po in t  in time , incre- :;ses tb-c

s i ç j u l a i— t o — n o i s e  i n  proportion to t:he square root  of th  nui :;L -ar of

-

‘

~ I 
averaged data  p o i n ts .  Fig.  3 i l l u s t r a t e s  t Imi  r f i n d in g .

ig. 3

The a-b i l l  ty to “ cIri 70 ” t h e  rau-i , u n at t n n uu a t- e ;i :- :— n ay 1~- - - - ; - or t i  en

of t h e  .0 : -Si  (J 0 01 cm-i ’ the  t i  knee ” of Chic c h z m r a - c  C m - r i  s t ic  cul’~ -:  of the

imacr e isocon camera can be u t i l i z e d  to i a - e r a -me -me t ime  :; :i c ;i:~-.1 i_ ni

tha t section of the  image t hat  is of i n t e r e s t  ( e . g . ,  the hear t; )

-by in t egr a t i ng  images  ge ner a  ted by s e q u e n t i a l  > :—ray gui  a-es on the

camera Limbs ; t a rge t .  This  .is ; m c c : e : - g h i a - ) m a h  iuv d i s a b l i n g  the 6 0 — p a - i —
- 

I 

second d e c  t r on lc  a-we ep — o f f  mechani .  am u n t i l  mm m i  mmd -m uu a  Ce Si mm-: ; ] Imas

been accumulated . Fi g. 4 i l l u s t r a t e s  how the  v ideo tube t ar a -e t

i n t egr at i o n  time can be c o n t r o lle d  v ia  the com ipu t :c r .  Th i s  appro~1ch

effectivc.l.y increases 
- 
the r adi a t i on  f lu : - :—per —im mag e  pi:-:e]. m - .- 1mi, le

rota-tiling normal .  x — r a y  racl i-:~ Lion  f l u x  per p u l s e .  Th is  proceclurc :

rec luc :em- ; the  number of i m ag e s — p e r — s e c o n d  Lii a  I: can be re cor clcmcl i n :

direct. proportion to the number  of successive [ - O — p a - r — c m c a - c n m ; 1  x — r ; y

;~~ 
I - i i u m i c j c - m :  i n t c g ra  t e d  on the t a r g e t .  Tb n .tc ; te chn  igue h as  also been mm ma -i

to l P m m m ;j T .; the cii a-t r~~but~~on of r a -c l i oj a n t o p e s  on Clue la m ma - i a of t he i r

emit  Cc--c ] t a - i d i a t  ion  ( l c e n : q - ; r e m l , c:t a ) . ,  19 7 6 ) .  Up to - i t ’ - ; m — f o L i

i ncrease  ( r e l a t i v e  t:o t l~~- r a -d .ia t .u  i - n m  re ; m n ; r - m 1  i n  a a-m el 1 d n a - s C )  i n

7

_ _
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x— or gamma—ray f l u x — p e r— i m ag e  pixel a- ma - v be necessary  to adequatel y i.i:m cmcc e

the heart in a large chest. This will require up to 150 0scmc “la-C

gra t i on ” t imes be tue - :-mi s u c c ess i v e  “ read outs ” of the isacon c a -m i cr a

target.

1g. 4

RESULTS

a)  Op r a t tc )n a l_ C h a m m i c t e r i c ; L c:;

Duo to t i m -  use of a- f l a t  f l u o r m : a - c e n m t  screen a - m i d  flat photo—

en Lh ;edes of tile :i i :a-qe i nt - - m ; . ; i f i e r  a - m i m i  i a -ma -ge i a -or -on  tube s , very

l i t t le  geometr ic  d i sto r t i on  occurs  r iver the e n t i r e  f i e l d  of vie ’-:

as shown in F ig .  Sn.  The l enses  a-nd ia -r ipe  isocon sy s t  ems ,

ho c-m ov e- c , e xh i b i t  r ad ial  i n t c u m : - ; i t y  fa l l . — c m f f  as aimou- .-n in L i m o

i a - C c - n a - i Cy  p lot of a s inc i l e  s e l e c t c - m i  vicl c-o l i ne  ( b r igh t en e d  in

image)  as shown in pane] . c . The ir m a - c  i - r i g i d :  maca s a t  Chic peri-

phery is 80 %  of Chic hri g h t :m a :  a-c; a t  tile cen te r .  The dyn am i c

-; t r ange  and s i q n a l — L o — n o i s c -  ch a ra c te r i st i c s  are i l lus tr ated in

panels  I) an d 0.

:.g.  5

The sym ;te in  input/output l i n e ar i t y  is O e m - m o m m a - l a n C e d  in i-i;; . 6. In

the -r ca -once  of iu on o chr onma  t ic  x — r a y  a-nc ] ;ib ; ; -m a-n Of i;-maqeml x—ra y

sr-a Lt cr , the  Beer—Lamm il-jer C ] ;mc .; shou ld  I:- . ob e y -  1 (ib m Li- - in ~incl

r .Io ld en l rm tic-mr 1971) so t h a t  Line .locja-r it  h o  of ( I :  - inca - n in tea-s i  ty

should l i n e a r  I y ciecr ease mci . C. h i a - c r c - a - m m  i mug  c ia -p  t im of m- .-a- ter tm —

versed  by i-he > : — r m m y  beam .

-~~. 6

_  --- - - - - - -- -‘“— -~~
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- A l t h o u g h  o p e r a t i o n  of the m n ’m a g i n y  c h a i n  so C h a n t  Sec;m::c ’n t s  c-f

[ t i n e  i lma c j e  exceed “Ch ic  knee  of the cum :ve ” as i l l u s t r a-t r i  in

curve II results in loss of sonic i nf o i n- a t i o n  ( e . g . ,  the outer

chest c - i l l )  the r~;s u l t : m n  C i nc rease  in a b il it y  to di m m c r i m - m i n a t e

small china-a-es in x—ray intenisity c-ui th ii t h e  1. a-a-ions of cj m c m it e s t

i n  t erest  u : m m i l : e s  improved r o en tg e n  den la - i t ] ;  r e so lu  Li on  c -m t t h i n

t im e c r os s —sec t i  onimi l images of these regions ( e . g .  , the hac~;i r t )

poss ib le .  That  opera- t ion of the  i a - m m i a - c m i a-ace - m m  v i  cleo c:i .ie -ma ~ul

tu e integra Li ng mode p r o v i d es  an j .ncr~ - aa - c :  of t i m . :  I m u a g e  pi :-:el

s gn al  c- ;h m i ch  re- i aCes direccLi y to Chic n umi :bmm r of pu l sed  m m — c ,;’

[ images in toga-a tech is shown in Fi g .  7 . Th is  l in ear  re] . mu Li.o iishii ;

is m a i nt a i n ed in the prea-c-i-mce of “ s a t u r a t i o n” if the im - ma - c j e

s igna l  in cer t a i n  t ea-lot s , such as c - m h a - c m  the 1a - ;  boa -cm is i i cagm:d

a longs ide  Chic c h e s t .

- g . 7

b) A p p l i c at i o n  of the  Sys tem

A c o n v e n t i o n a l  p r o jec t i o n  inca-ge of a- c a n i n e  t h o rax  a-nd one

-- 
selected (out  of a poss ib le  250)  c ;r o s s— a - c c t : i - m m m i image- c a-e pu ted

• f rom the p r o j e c ti o n  images  of the  ches t  a t  28 ang les of vie;-,-

around 160° (Robb , ci: a - h . ,  19 7 6 )  in ;  m m h r ’ -:mn in  1t i j .  8.  On t h e

l e f t , the  r aw be-. i n i  o u ts i  do tim e ches t  a m m O  t ime  a-a 1 :h~~~ t~~ -i  i n s  ida-

I tho  h e a r t  arc c l ear l y  d ot - c U n O .  P m n ] a - m m a - r v  v a - n a - m m i m u i m i r e  a - m m ]  t h e

m ,  i n f e r i o r  v on ia -  ca-v a -  a-re c l e a r l y  v i a - i  h i ] ; -  c- - :  t hu  a- t lie H i - a - m t .  f h~.

4
?
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lim i ted number of angles  of view , the e f f e c t  of x — r ay  scatter

a-nd the mechanica l  inmmpr ec i s ion  of the ro t a t i on  of tile dog in

fron t of t i m e i m a g i n g  c O m a - m i  a - a - s u it s  in a t rue  sp a t i a l  and

d e n s i t y  r eso l u t i o n s  of 6 imini and 10% , re s p e c t i v e l y ,  c -n t h iu i  Ch i c

cross sect ion.  Cont . m r m m s t  m e d i u m :m - - fi l l ed  c o r o n a r y  a r ter i e s  of less

thian 1 n : c  d iameter  can be v i m u m .:ah izecl  in the i n tac t  bear C c -m Oo n

the ira -a-gd im ;ocon is operated so tha t these  reqions  of the i m ~caqc

wi th  io;-m i n i f o r n m m a t i o n  c o n t e n t  (rac- : bo a -mi  a - m i d  ches t  w a l l)  are  O\’ct

C hic “ inn  e ” of ti - m o a-m ama -nc Leristic burigh C m -c as/ si  qnm ~ 1 o u t p u t  a-u rye

of Chic camera , scat tered r a d i a t i o n  is c O m m a - e d  by c: - e l l i m i n m i t . i o n

of the inc iden t  and t r ansmi t t ed  :-:—ray s to a- f a n  b c- m i : and a

focused colhimi~na-tor oriented at ri gh t  a-n ic j i e s  to the p lane  of

t h i s  f a n  beam is u se d .

DI$~C~ ~P OT. ON

This prototype x—ray imaging system has becum simm-c -rn to be adequa t e

for  t h r e e — d i m e n s i o n a l  c r o ss— s e c ti o n a l  a-c-cons t ruc t ion  of t h e  .i m m t a c t

thorn ;:  a um c l  it . s c o n t e n t s .  The ann Comic shap e um n i c i  d imens ion s of t h e

~ .1 lungs  a m m O  c p i c ar c l , i al  su r f aces  ca-n be i n -m :m g ed c-u i Lh out  t i m e  use of

in t r a -v a -  s cm n l a r  aqen  Cs. These 6 0 — p a -  r — s e c o n m d  i m a - i a - c r c; c an  he vi  c-c-med in

r ea l  t i m e or stop—actioni for qu a - a -L i  t at : . ive  a n a l y s i s  of P ’ 1~ m a m m a r y

f u n c t i o n  a-nc] prov i do omn :;hiLa C i  ye j 1  5o : m - c n  L ion  as to c a rd i a c  m an 1. —

f a - m n i m L i o n m ;  and ai no ma - c i 1 d y n i a r m i c a - .  a - i m c n i t n i ; c  on: :  v i a - u a - ] i  z a t io n i  of

I
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the  mu-pi— a-nd endocard ial  s u r f a c e s  of the h e a r t  at  60 ima-acj es/ sccuond

can h _ c- - i achieved , if at  ia-ca-st 10% co r n c e nt r :n t l nn  of i o c l i m m at e d  r o e n t g en

c o nu t r a s t  m e c l iu m i is present  in the  blood S t r e am : .  Re c o nst r u ct ~ onl of

t ime c - i - i  c a - a -d i a l .  ma - mc i on c locar ci la l  s ur f ac e  c-u ihl  pc- r niit  qu an t i t a t i ve

an a l y s i s  of ca rd iac  ana -to m iy and function. In addition , the ~cr c s c 2 ;n o

of 50% a-once-n tmmnt ion contrast mmmcdi urn in s m m m i h l e r  vessels  such mi s  Limo

coronary  at tor ies  c-m ill  p ea -a-mit  q u a n t i t a t i v e  amm ~m l y s i s  the thr ec- — d :i R u n —

sionri l a-na Corny a-mi d segmented flow Lhroug }i tl; .- c o r o n a -m y  mac a -ov a  s c ; m I : m  t m n r e

a-nc ] r eg i o n a l  my o c a rd i a l  p e r f u s i on .  D e t e c t i o mi  of disc-c a- - p rocesses

w h i c i m  p er t u r b  the a-na - tam : i c s t r u c t u r e  or f u m m c t i ~omi of t ime c i r c u l a t o r y

sy stem in a-ny  r eg ion  of Chic body cu ll also be poss ib le .

Use of t h i s  p r ot oty p e  i a - a - i a - i a - a -  cha imi  in a r e c o mi s t r u c t i o n  ( c o m m ’p m m t e r m i a - c c h

tomography ) sya-tcn i  is a com -m I rm .:n. mi ~se b o t w a -en i  spec0 of cia-ta a-cc;uia-ition

( i .e . ,  tonnmp ora i  r e s o l u t i o n)  a-a-cl s p at i a l— d en i s i t y  r e - s o l u t i o n .  Pu t  mire

m o d i f i cat i o n s  of tile system shou ld  be a imed at  i n c r e a s i ng  the

efficiency of the i m a g i ng  c h a i n  amid r educ t iomi  of degrad ation of time

image due to x—ray sea- tt e r  and o the r  e f f o r t s  to inca -c-a- sc  ti - me s ign ial . —

t o— n o i s e  r a t i o  of the ove ra-i l  a -y s t e i m m . I m p r o v e n e m m l: of Lh- ~: ;- :— ray

focmne -ci ga-ic] and f l uor e n a - - un  it screen aur a- a-a-I i c - a -  t m m l  ly t e a -a - l a -c l  .

~
-

ACEHOb 1 , I a - )  I a - I P J .l’S

Thc m u u t h i c ) r s  c-mould l i ke  to t h a m m k  ca-p e r  * a - l l y  i- - s a c s .  ien:iill l , m a - l c I I ( R~~,

Don L u - d m a - m n , Ju l ij  a- Z ar i n s , D o mma 10 i l cq l a n d , Chic  is  h i a n s e m i  and

C 
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flonialci R o e m m a - l e r  u- i ;o provtc.lc ch immvm m iu ah ,te ass.i s t m m m ce c-m it h  ti -ic d e s i g n ,

f ab r i c u i t I m c i i  a-nd c- an -c - i :  i 1- m- : - m i ts  , amid ] P m - ;. Pat  Sa- ide  r amid  1-Pu . i) onna  lIe I-.

and  t i m o i r  co l leagmnc: ;  for  t h e i r  a s s i s t m m m i c e  c- m i th  tr , ’ning a-n i l i l l u s t —

r a t i o n s .
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Fig. 1 Schematic arrangement of a s ing le  roentgen video imaging

chain for  high temporal resolut ion cor~iputer ized tomography , a dy n am ic

spatial reconstruction system . The i n t e n sit y  of each ~< — ray Pulse ,

every 1/60 second , is monitored by the ion iza t ion  chamber so as to

pr ovide a value proport ional  to rad ia t ion  inc ident  on the subject:

under stud y (see text  for d c - a i l s ) .  (C a rd iovascu la r  :I:rn~ y i n y  and

Processing . Theory and Pract ice .  Soc. Pho to—Opt ica l  lu s t .  Enq .

72:103— 122 ( 19 7 5 ) )

Fig. 2 E f f i c i ency  of imacjinq chain depic ted  by t rac ing  x — r a y  iThotons

through system . A t heo re t i cal . re1atic:~~h i p ol the si g n a l — t o — n o i s e

of this  type of imag ing  cha in  has 1x~~n derived and is expressed by

the equa t ion  for S/N. This equa t ion  g ives a t heore t ical sig n a l — t o —

noise ra t io  of 35/ i  in the th ickes t  part  of the chest ( i . e . ,  where

greatest x— ray absorpt ion occurs)  (see text  for  d e t a i l s) .  (Pro-

ceedings of the San Diego B iomedica l  Symposium , February  4 — 6 , 19 76 ,

San Diego , C a l i f o r n i a , in pres s)

Fig. 3 Si gnal noise in the S~ DSR i.mag i nc; cha in  was measu~:oc1 as

fo ur st andard  dcvi at ions  of the san 1. e— to—s:u ’iple  v a r i a t i o n  of t:hc

voltage of the video s igna l  about  th~ mea n V~ l l1( ’  r1~~~~5Ured  at  the

same site ( i .e . ,  p i x e l)  on a s i n g l e  v ideo  Line. Panel ( a )  — th~

i n t e n s i t y  of the h ig h l y  col] im i t e d  x — r a y  I ’am was a t t enua ted by

irr;!~
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placing 10 and 20 cm water between the x—ray source and f luorescent

screen while Ky and mat of the x—ray system were left unchanged .

The dashed curve was calculated on the theoretical basis that

the noise in the video signal should he proportional the square

root of the magnitude of this signal. The magnitude of the cal-

culated noise was assumed to be identical to the measured noise at

the 700 my signal level. The measured noise falls less rapidly

than the calculated values indicating that noise , over and above

that to be expected from the x—ray image , contributes to the iniagin’.~

chain signal noise.

Panel (b) — The measured signal noise (solid lines) decreased

similarly to the calculated (dashed lines) when an increasing

number of signal samples were averaged . The calculated and mea-

sured values are. for a video signal level of 700 my measured at the

same site on the same video line (i.e.., the same pixel) at successive

30/sec instants in time (Curve I). The measured decrease in noise

is virtually identical to the calculated values , indicating that

the noise is statistical in nature. IThen the video signal values

were measured at the same site on different successive video lines ,

i.e., from the same vertical column of A/D samples , in one image ,

the statistical nature of the noise was also confirmed (curve II)

Curve III is based on values obtained by averaging signal. samples

along the same horizontal video line i n  the same uniform gray

level imaqe. This curve indicates that there is a non—statistical

in t noise (p0 ~ibly ca wd ~~ v~~~~ t1o~~ in the J
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bi~ s in the noise (possibly caused by variations in the structure

of the image or signal induced oscillations in the electronic

circuitry.

Fig. 4 Schematic of assembly to provide programmable computer

control of the sweep (read—off) f requency of a video camera. 13e—

cause of the in tegra t ing  character is t ics  of the inpu t  imaging

target of the camera , when hi gh temporal resolut ion  is not:  required ,

its sensit ivity to low l ight  levels can be increased by decreas ing

the sweep frequency from the normal 30 or 60—per-second value to

1—per—second or less (see Fig. 7).

Fig. 5 a. Photo of x—ray image of test grid consisting of crossed

radiopaque wires 2 cm apart , and cross ha tch ings  2 mm apart  along

the centra l  cross wires.  The slight barrel distortion in th i s

photograph is p r imar i ly  due to the videonionitor because the

horizontal wires remain in alignment with the horizontal video

lines.

b. Photo of x—ray image obtained of a step—wedge containing 1, 8

15, 22, and 29 layers (each 0.63 cm thick) of pressed wood using

120 kv peak x—ray bea m pulsed 60—per—second , each pulse 0. 3’~ mscc

duration. Two steel wires 0 • 5 and 1. 0 mm (liarleter ~.‘ere s t r u ng

diagonally across the wedge. In this system , 10% of the i n c i d e n t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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measured at the fluorescent screen with a Victoreen radiation meter .

The video signal deflection (panel d) caused by the 1 mm steel wire

is clearly distinguishable in the video signal corresponding to the

22 layers of pressed wood. Direct observation of the x—ray image

on the videomonitor permits clear visualization of the 1.0 nun wire

through the 29 layers of pressed wood .

c. The video signal of a single horizontal video line near the

middle of the roentgen video image in panel a is displayed to il—

lustrate the radial fall—off in image brightness. The amplitude of

the signal above zero is directly proportional to image brightness

and the square wave deflections on the far left and right are video

synchronization signals. Most of the fall—off is attributable to

the optical sy~ tem and the operational characteristics of the image

isocon.

d. The video signal of a single horizontal video line near the

middle of the roentgen video image in panel b is displayed to

illustrate the decrease in video signal noi se (thickness of trace)

with decrease in signal magnitude. The peak—to—peak noise in the

video image is approximately 10% of peak si gna l  (“raw ” beam) and l~

over the 29 layers of Pressed wood where the s i g n al .  is abo ut :  l~ of

“ raw ” beam. The deflec tions  caused by the steel w i r e s  are v is ib l e

in the signal corresponding to the x~ ray t r ansmi t t ed  through the 22

and 15 layers  of pressed wood for  the 1 mm and 0.5  mm steel wires ,

_ _  
_ _
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respectively. (Proceedings of the San Diego Biomedical Symposium ,

February 4— 6 , 1976 , San Diego , Ca l i fo rn i a)

Fig. 6 Increasing depth of water transradiated by 100 kv x-ray beam

results in exponential decrease in video signal  as shown in curve I.

At increasing depths , the decrease of video signal becomes less  rapid

due to “hardening ” of the remaining x—ray beam . The re la t ionships  in

curve II were obtained by increasing the x—ray beam in tens i ty  so that.

the signal  from the x—ray  beam a t tenuated by less than 5 cm of water

exceeded the linear segment (the “knee ” )  of response curve of the

image isocon camera.

Fig. 7 Integrat ion of successive pulsed x—ray  images on the image

isocon tube target results in a linear increase in the video si g n al

amplitude when this is “ read ” out a f te r  complet ion of the in t eg ra t ion

period . To prevent non—linear  in tegrat ion at very low image in-

tensities, the periphery of the x—ray image was hi ghly i l lumina ted

dur ing  the integration period so as to ma in t a in  proper target

potential . The noise in the imaging system remains proport ional  to

the video signal  (see Figure 3a) so that a t en—fold  increase in
S

H signal from 70 my to 700 my results in an increase in noise of

approximately six—fold (theoretically approximately three—fold) so

that  a two—fold increase of s ignal  noise resul ts  in add i t ion  to the

ten—fold  (more than 3 h i t )  increase in ana log—to—di g i tal  convers ion

resolution in that  par t  of the image of in te res t .

1~’.
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Fig. 8 Lef t  panel: Monop lane la tera l  roentgen projection image

of dog thorax .  The brightened line ind ica tes  the level of the

reconstructed cross section shown in right panel .

Right panel: Cross—sect ional  image was computed from roentgen

density profi les  measured from same hor izonta l  video l ine recorded

at 28 equispaced ang les of view around an arc of 160° . Similar

cross—sectional images can he computed f rom each of the 2 4 0  hori-

zontal video l ines  contained in each 60—per—second video f ie ld

image. Physiologic s ta t ionar i ty  of the r e sp i ra to ry  and cardiac

cycles plus synchroniza t ion  wi th  the x—ray pu l s ing  and video record—

ing cycles are required for  accura te reconstruct ion of the thorax

of in tact  anes the t ized  dogs when a single roentgen—video image

chain and consequent mandatory  mechanical  c i r cumferen t i a l  scanninc ;

are used (R.  E. Sturm , et al . ,  Proceed ings of the San Diego Bio-

medical Symposium , February 4—6 , 1976 , San Diego , C a l i f o r n i a , in

press)
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